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Abstract
Storage rings have been employed over three decades in various kinds of nuclear and atomic
physics experiments with highly charged ions. Storage ring operation and precision physics exper-
iments benefit from the availability of beam cooling which is common to nearly all facilities. The
basic aspects of the storage ring components and the operation of the ring in various ion-optical
modes as well as the achievable beam conditions are described. Ion storage rings offer unparalleled
capabilities for high precision experiments with stable and radioactive beams. The versatile tech-
niques and methods for beam manipulations allow for preparing beams of highest quality at any
energy of interest. The rings are therefore part of the experiment . Recent experiments conducted
in a wide energy range and with various experimental installations are discussed. An overview of
active and planned facilities, new experimental set-ups and proposed physics experiments completes
this review.
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1 Introduction
Over the last three decades storage rings were successfully employed for physics research. They enable
storage of freshly produced exotic ions, which are either stable ions in a defined high atomic charge
state or exotic radioactive nuclides. This turns to be a straightforward way to achieve the efficient use
of such rare species. Furthermore, it offers unparalleled possibilities for precision experiments in the
realm of atomic and nuclear physics as well as for experiments of astrophysical relevance and for testing
fundamental interactions. Since the storage ring itself is an indispensable part of the experiment, its
parameters are decisive for the experiments to be conducted.
The design of the storage rings was governed by the accelerator facilities which were available in the
different laboratories and were planned to serve as injectors to provide fast ion beams for storage. The
injectors define the available beam species and the injection energy. The production of specific secondary
particles often requires specific energies, which might not be directly suited for the experiment. The
beam energy can be varied by operation of the storage ring in a synchrotron mode. Both acceleration
and deceleration of the beam after injection is feasible. In addition to experiments aiming at maximum
achievable energies, given by the maximum rigidity of the magnetic system, a range of new experimental
ideas requires specific stored exotic beams at very low energies, which is one of the challenges today.
The particles can be stored as a bunched or coasting beam. The beam quality in all the storage rings
can be improved by beam cooling systems which also allow various non-Liouvillean methods of beam
manipulations. As a result, cooled secondary beams with small transverse size and high momentum
definition are available for precision experiments. The cooling capability is the biggest advantage of
conducting experiments in storage rings. The stored beam can be brought in collisions with electron,
photon and atomic targets. Proposals for using neutron and ionic targets are discussed in the frameworks
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of future projects. The use of internal targets in combination with cooling offers the platform for well-
defined experimental conditions. Such internal targets are very thin but, thanks to high revolution
frequencies in the ring, high luminosities can be achieved. Beam cooling is essential for accumulation of
low intensity beams and it also supports efficient deceleration of beam species which require high energy
for their production. In accordance with the beam manipulation methods and the beam quality of the
stored beam, specific experimental methods were devised. The rings are operated at ultra-high vacuum
to achieve an efficient beam storage. On the one hand this allows one to preserve high atomic charge
state of the ions, but on the other hand this sets severe constraints on any experimental equipment to be
brought into the ring vacuum environment. The experiments are based on particle detection systems,
many of which are specifically developed for storage rings.
This work is organized as follows. It starts with the discussion of the major machine properties
essential for making high-precision experiments possible. A brief review of the present status of physics
research at heavy-ion storage rings is followed. The work is restricted to experiments with highly-
charged heavy ions that are conducted at the presently operated facilities. The new-generation storage
ring projects and the corresponding envisioned research programs are outlined at the end.
2 Historical Remarks
Many storage ring were designed in the middle of the 1980s and commissioned around 1990. Even
earlier storage rings were built to test the accelerator concepts employed in the operation of storage
rings. Two particular storage rings were constructed to test the concept of beam cooling. The NAP-M
ring at Novosibirsk demonstrated electron cooling with an electron beam device, which was later used
in modified versions in many other storage rings. Stochastic cooling was developed in the ICE ring at
CERN to a degree which later allowed its application in storage rings for cooling and accumulation of
antiprotons. Among many others, these developments were essential for the success of “the large project,
which led to the discovery of the field particles W and Z, communicators of weak interaction” which
was awarded with the 1984 Nobel Prize to Carlo Rubbia and Simon van der Meer [1]. For more details
the reader is referred to an overview article by H. Koziol and D. Mo¨hl and references therein [2]. The
concepts for the various rings used in physics experiments borrowed techniques which were developed
at the Low Energy Antiproton Ring (LEAR) [3] and even earlier at the Intersecting Storage Rings
(ISR) [4] both operated at CERN. An overview of those machines can be found in a review article by
R.E. Pollock [5]. They were all built at existing accelerator laboratories profiting from the infrastructure
and employing the existing accelerators as injectors. They can be categorized as light-ion storage rings
for experiments using protons and light ions at medium energy in the range of a few hundred MeV to
a few GeV, mainly for nuclear and particle physics. The heavy-ion storage rings cover an energy range
from very few MeV/u to several hundred MeV/u and provide ion beams from protons up to fully-ionized
uranium. They consequently found a broad range of applications in atomic and nuclear physics. Some
of the advanced technologies and beam manipulation methods which were pioneered at LEAR were
included in the concept of these storage rings and later expedited during their operation. These are
aspects as beam cooling, accumulation of beam particles, deceleration, ultra-high vacuum technology
and many others. Furthermore, methods which are common to storage rings and synchrotrons were
optimized for the requirements of storage rings, e.g. radio-frequency (rf) manipulations to produce
beams with a special bunch structure, injection and extraction, and beam diagnostics.
The light-ion storage rings used a similar concept and operation mode. They all started from a
proton cyclotron as an injector which provided a continuous proton beam with moderate intensity. In
order to boost the stored particle number, schemes to fill the transverse acceptance of the storage ring
were employed. The increased transverse emittance was tempered by cooling the beam after injection
and the usual adiabatic damping of the emittance during acceleration when operating the storage ring
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as a synchrotron. The variable energy of the beam after acceleration in the ring provided the conditions
for experiments with internal gas, pellet or solid fiber targets, preferably unpolarized and polarized
hydrogen targets were used, see Section 3.2. The different facilities had options to operate with other
light ions and with polarized protons and deuterons. The main focus were experiments for studying
hadronic interaction between light fast beam particles and light target material which allowed the
production and study of mesons, baryons and strange particles, spectroscopy of hadronic states and the
investigation of symmetry breaking in hadronic interactions. For more details the reader is referred to
dedicated conference proceedings, e.g. [6, 7].
The heavy-ion storage rings performed a much more diversified experimental program which required
ions over the full range of ion masses with different charge states of the stored ions. The low-energy
heavy-ion rings used beams from existing low-energy facilities, such as electrostatic accelerators, linear
rf accelerators and cyclotrons. The intensity of the stored beam was also maximized by transverse
injection schemes in combination with cooling. Depending on the injection energy, the experiments
used beams with and without acceleration in the storage ring. The medium-energy ion storage rings are
coupled to synchrotrons, which provide a bunched beam for single turn injection into the storage ring
at high energy. Such a scheme allows the injection of highly charged ions with intermediate stripping
and the injection of rare isotopes which are produced in a target and separated in-flight in a dedicated
separator. As high energy is a prerequisite to generate the required ion species, the energy can be
matched to the experiment requirement by acceleration or deceleration of the beam directly in the
storage ring.
The experiments in the low-energy rings were strongly supported by the availability of beam cooling,
which allowed various high precision atomic physics measurements. Low primary beam energies limit
the range of secondary ions that can be produced. Typically, multiple-charged heavy ions were stored.
The interaction of the ion beam with internal targets, with the free electrons of the electron cooler or
with laser light are favoured methods for studying predominantly atomic physics aspects. One of the
examples of the low-energy storage rings is the Test Storage Ring (TSR) [8] which was in operation
in Heidelberg from 1988 until 2012. The medium-energy rings extended the range of experimental
conditions to higher energy and to beams of ions with very high atomic charge states for precision
atomic physics studies. In addition, the storage of rare isotopes produced by projectile fragmentation
and/or in-flight fission of a primary heavy-ion beam became possible which enabled experiments in
nuclear structure and nuclear astrophysics.
Several of the storage rings of the first phase have been closed down. Only the medium-energy
Experimental Storage Ring (ESR) in Darmstadt [9] and the high-energy COoler SYnchrotron (COSY)
in Ju¨lich [10] are still in operation. In 2007, the HIRFL-CSR complex in Lanzhou has been taken
into operation. There, highly charged heavy ions are used for experiments in the medium-energy
experimental Cooler-Storage Ring (CSRe) [11]. In 2018, the first nuclear physics experiments were
performed in the medium-energy Rare-Ion Ring (R3) in Tokyo [12]. The R3 ring in RIKEN is a very
special machine which follows a cyclotron driver accelerator instead of a heavy-ion synchrotron like in
the case of the ESR and the CSRe. Furthermore, R3 is the only heavy-ion storage ring in operation,
where no beam cooling is applied. An overview of the ring parameters of the three active heavy ion
storage rings is given in Table 1.
Some of the storage ring facilities have been or will be modified as part of new projects. A more
detailed description of those facilities will be given in Section 5.
There is also a group of storage rings which is part of an accelerator chain and used for specific beam
manipulations, particularly beam accumulation and beam cooling. As they are not hosting experiments,
they are only briefly mentioned here for the sake of completeness. The Low Energy Ion Ring (LEIR) [13]
is a part of the heavy ion chain at CERN and is used to deliver high intensity heavy ion bunches for
collision experiments in the Large Hadron Collider (LHC). Also at CERN, the combination of Antiproton
Decelerator AD [14] and the Extra Low ENergy Antiproton deceleration ring (ELENA) [15] provides
4
Table 1: Active heavy ion storage rings.
ESR CSRe R3
circumference 108.4 m 128.8 m 60.4 m
maximum magnetic rigidity 10 Tm 9.4 Tm 6.0 Tm
maximum beam energy U92+ 550 MeV/u 500 MeV/u 230 MeV/u
minimum beam energy U92+ 3 MeV/u 5 MeV/u -
beam cooling stochastic, electron electron no
internal target gas jet gas jet no
standard mode
tunes Qx/Qy 2.2/2.4 2.53/2.57 -
acceptance (Ax/Ay)[µm]/(δp/p)[%] 450/150/±3.6 200/150/±2.6 -
isochronous mode
tunes Qx/Qy 2.26/2.45 1.70/2.72 1.22/0.88
acceptance (Ax/Ay)[µm]/(δp/p)[%] 20/20/±0.3 20/20/±0.25 20/10/±0.5
transition energy γt 1.4 1.4 1.21
intense antiproton beams for experiments down to 0.1 MeV.
There was notable progress in recent years in constructing electrostatic trapping devices, like, e.g.,
Penning traps and dedicated ultra-low energy storage rings. An example of the latter is the Cryogenic
Storage Ring (CSR) [16] in Heidelberg which is operated at a temperature well below 10 K and was
used in first experiments in 2015. Although medium- and highly-charged ions can be used in the CSR
for atomic, molecular, and cluster physics experiments, we restrict the scope of this work to magnetic
storage rings.
3 Storage Ring Operation
3.1 Beam Cooling
The outstanding feature for performing high precision storage ring experiments is the availability of
beam cooling, which is even more powerful in combination with internal experimental installations like
thin targets. Beam cooling reduces the uncertainty caused by the finite emittance and energy spread
of the beam by a non-Liouvillean process. Depending on the initial beam quality, cooling can reduce
the emittance and energy spread of the stored beam by orders of magnitude. This is most important
for secondary beams which are produced by the interaction of the primary beam with solid target
material resulting in an increased emittance and energy spread of the beam, due to the nuclear reaction
process and the interaction with matter. Beam cooling can also compensate the heating caused by
the passage of the circulating beam through matter for experiments using internal targets and the
interaction with residual gas. Cooled beams are well defined in the absolute energy and in their spatial
location. Therefore, the uncertainty caused by the finite energy spread and emittance is reduced, which
is a prerequisite for achieving high precision measurements. The lifetime of the stored ion beam is also
affected by cooling. On the one hand, energy loss and multiple scattering in the target and the residual
gas are compensated and do not contribute to the loss rate. On the other hand, electron cooling results
in losses by the recombination of ions and electrons as a result of the interaction process which provides
the cooling.
Stochastic cooling and electron cooling in storage rings have different beneficial regimes, they are
often used in a complimentary way. Stochastic cooling which is based on detection of the deviation of
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sub-ensemble of beam particles from the reference orbit and nominal energy and the generation of a
correction signal is an advanced large bandwidth feedback technique. Stochastic cooling benefits from
large deviations from the reference particle as this results in large correction kicks and consequently is
most powerful for beams of poor quality. Electron cooling acts through Coulomb collisions of the ions
in a merged cold electron beam which results in the beam frame in a transfer of unwanted momentum
of the individual ions to the electron beam. The Coulomb interaction in the electron cooling process is
strongest for small momentum deviations and the cooling rate increases with the reduction of the ion
beam emittance and energy spread. Therefore stochastic cooling is often used as pre-cooling for electron
cooling. Another feature of the two cooling methods is the dependence on beam energy. Stochastic
cooling depends on the ion optical properties of the storage ring, particularly on the change of revolution
time with energy, and on high impedance electrode systems which are used for signal detection and
correction kicks. Among other aspects, this makes stochastic cooling preferential at higher energies,
typically at relativistic energies with a Lorentz factor β = v/c exceeding 0.7, with v being the particle
velocities and c the speed of light in vacuum. Electron cooling suffers from technical difficulties in
accelerating a cold electron beam to very high energy and the relativistic reduction of the electron
density which makes it less powerful at relativistic energies. This is just a general guideline and the
cooling concept in storage rings depends on details of the storage ring design, such as ion optical layout
and available space. Therefore it is advantageous to include the implementation of powerful beam
cooling into the storage ring concept from the beginning.
There exists a considerable interest to force the ion beam to ultimate beam quality [17]. The regime
of extreme beam quality is labeled beam crystallization and has been studied theoretically and experi-
mentally, for electron and laser cooling. Different from ion traps, where 3-dimensional crystallization is
readily achieved [18], in storage rings the dispersion of the particle orbits in the magnetic structure of
the storage ring results in additional heating which hampers 3-dimensional ordering. One-dimensional
ordering, however could be demonstrated [19].
3.1.1 Electron Cooling
Electron cooling is achieved by merging the ion beam with an intense cold electron beam of the same
velocity. The thermal energy of the ions is transferred by Coulomb interaction to the electron beam
which is continuously renewed and resembles a reservoir of cold electrons. An extensive introduction
into electron cooling is given in [20–22]. The cooling rate depends on charge q = Qe and the mass
M ≈ Am0 of the ion, with A the mass number and m0 the average nucleon mass (see Eq. (8)), the
electron density ne of the electron beam and the ratio ηe = L/C of the length L of the cooling section
to the ring circumference C. The cooling rate is particularly sensitive to velocity deviations δv of the
ion from the average electron velocity in all degrees of freedom. For the regime of tempered and only
moderately pre-cooled beam the cooling rate τ scales as
τ−1 ∝ Q
2
A
neηe(δv)
−3 (1)
The cooling rate is small for hot ion beams with large relative velocities and increases to the maxi-
mum value at small relative velocities δv, which is determined by the temperature of the electron beam.
Consequently, electron cooling is most powerful for ion beams which are pre-cooled or already have small
energy spread and emittance. For powerful cooling the electron beam should have low temperature,
large electron density and a long interaction section with the ion beam. The ion optical properties of
the storage ring in the cooling section influence the cooling time. A large ion optical beta function in
the cooling section reduces the transverse velocities of the ions for a given emittance, but results in a
large ion beam size which may not be matched to the electron beam size. The value of the dispersion
function in the cooling section also affects the speed of cooling. Therefore the choice of the ion optical
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functions is a compromise in the quest for the achievement of fast cooling and the compliance with
requirements of storage ring operation and experiments.
In the traditional electron cooling systems the electrons are emitted from a thermal gun which is
immersed in a longitudinal magnetic guiding field. It was experimentally and theoretically investigated
that the magnetic field affects the cooling power and inceases the cooling force experienced by ions [23].
A quantitative description of the increase of the cooling force in an analytical approach turned out to
be difficult and did not match experimental observations well. An empirical formula, however, derived
from systematic experimental investigations and named after the inventor V.V. Parkhomchuk matches
many experiments and turned out to be a good approximation [24]. The formula is frequently used
for predictions of the cooling force and is included in several simulation tools employed in the design
of new cooling systems. The magnetic field of the cooling device extends from the electron gun to the
electron collector. The guiding field of the electron beam also covers the interaction region between ions
and electrons and therefore affects the ions which are circulating in the storage ring. In a system with
constant magnetic guiding field strength the temperature of the cathode determines the transverse tem-
perature of the electron beam. A method to reduce the transverse electron temperature was conceived
by decreasing the magnetic guiding field between electron gun and the cooling section. The electrons
are bound to the magnetic field lines, the electron beam size is expanded in the decreasing magnetic
guiding field and the temperature is reduced as the quantity pe⊥/B, with the transverse momentum p
e
⊥
of the electron and the magnetic field strength B, is conserved. This has been demonstrated to greatly
improve the resolution in ion-electron recombination experiments which are sensitive to the transverse
electron temperature. The electron cooling force is also increased for the expanded beam, but the
increased force is foiled by the reduction of the electron density of the expanded beam [25].
The cooling force is proportional to the electron density, consequently the extraction of a high
electron current from the gun is beneficial for powerful electron cooling. According to ne = je/v, the
electron density for a beam of fixed current density je is reduced when the electron beam is accelerated
to higher velocity v. The current density at the extraction from the cathode is limited and cooling at
higher energy suffers from the reduced electron density. In the majority of the existing electron cooling
systems the acceleration of the electrons was performed in electrostatic acceleration structures. Electron
energies up to 300 keV are readily available with standard high voltage systems. Figure 1 shows the
electron cooling system of the ESR as a typical electron cooling device. The parameter range of the
ESR electron cooling system in operation is listed in Table 2. Higher energies require special design of
the high voltage system. Only recently the use of a bunched electron beam accelerated in a linear rf
accelerator resulted in electron cooling of a relativistic heavy ion beam in a collider [26].
3.1.2 Stochastic Cooling
Stochastic cooling was developed for the reduction of the phase space volume of antiprotons, which were
produced in a thick target and which were needed for collision experiments in large colliders at CERN
and FNAL. The concept is similar to feedback systems which detect the deviation of particles from the
nominal value and apply a correction signal to reduce the deviation. An overview of the status of the
stochastic cooling technique can be found in [27] and references therein. The process itself is stochastic
in the sense that a signal is derived from the fluctuations of the beam noise which is picked up by high
frequency electrode systems, typically operating in the frequency range of a few GHz. The correction
signal is sent from the pick-up electrode across the storage ring to another electrode used as kicker to
correct the deviations. Since the applied electric field affects only the direction of the particle motion,
the kicker electrodes are placed on the opposite side of the storage ring at a location where, due to the
betatron motion, the measured position deviations result in angular deviations. The correction signal
has to arrive in proper time and phase at the kicker in order to damp the intrinsic particle motion.
The electronic chain between pick-up and kicker has to be adjusted to provide the correction signal in
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Figure 1: (Colour online) The ESR electron cooling system is a typical low and medium energy electron
cooling system. A magnetic guiding system provides a longitudinal magnetic field in which the electrons
move from the electron gun (located in the front vertical part of the system) to the electron collector
(in the rear vertical part). The magnetic guiding field is provided by solenoid and toroid magnets. The
electron and ion beams are merged in the horizontal 2.5 m long cooling section. Photo: A. Zschau,
GSI, Darmstadt.
time and phase with the circulating particles over the full bandwidth of the system. The cooling rate
of stochastic cooling is described by
τ−1 ∝ 2W
N
(2)
with the particle number N and the bandwidth of the electronic feedback circuit W .
Various aspects contribute to the performance of a stochastic cooling system. An important aspect
is the ion optical properties of the storage ring, particularly the transition energy γt which determines
the variation of revolution time with particle momentum. Concepts to minimize the change of the ion
inter-particle distance along the orbit, the so-called unwanted mixing, between pick-up and kicker and
to maximize the wanted mixing between kicker and pick-up have been worked out and considered for
implementation in dedicated cooling rings.
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Table 2: Parameter range of the ESR electron cooling system employed in cooling experiments.
electron energy 1.6 - 230 keV
electron current for cooling 0.001 - 1.0 A
maximum electron current 3 A
relative current loss to ground ≤ 2× 10−4
gun perveance 1.95 µ P
cathode temperature ∼ 1000 K
electron beam diameter 50.8 mm
magnetic field strength 0.01 - 0.11 T
maximum magnetic field strength 0.2 T
length of cooling section 2.5 m
basic vacuum pressure 1× 10−11 mbar
vacuum pressure with electron beam ≤ 5× 10−11 mbar
For efficient transverse cooling the number of transverse particle oscillations due to the focusing
elements of the ring, between pick-up and kicker, should be designed according to a phase advance
φpu−k = (n + 12)pi, with an integer number n. As the choice of the tune, the number of betatron oscil-
lations around the ring, must avoid resonances which result in particle loss, the ion optical parameters
of the storage ring have to be chosen in an early stage of design in order to achieve stable condition for
beam storage and optimum conditions for stochastic cooling.
The method of stochastic cooling, originally designed for antiprotons, has been extended to rare
isotope beams [28–30], as another application to a hot secondary beam, but also to stable beams,
ranging from protons to bare uranium. For highly charged ions stochastic cooling benefits from the
increased signal strength, proportional to the charge (Qe)2, of the detected signal and correspondingly
increased kick strength of the correction signal. As the final beam quality in stochastic cooling is limited
by electronic noise, for experiments with heavy ions and rare isotopes it is favorably combined with
electron cooling which takes over when the initial fast stochastic cooling is approaching the noise limit.
Despite of the stochastic nature of the cooling method stochastic cooling has also been applied to beams
of very few ions, down to single ions, resulting in a fast reduction of the uncertainty in longitudinal
momentum and transverse divergence originating from their production in a thick target, see Section
6.2.
3.1.3 Laser Cooling
Laser cooling, originally developed in traps to damp the thermal particle motion, is considered as a
method to provide fast cooling and to achieve smallest momentum spread for swift stored ion beams
in storage rings [31]. Different from traps, an overlap between the ion beam and a collinear laser beam
can be achieved in an efficient way to provide only longitudinal cooling. The laser light of frequency Ω
excites an atomic transition with frequency ω12 in an ion, which moves with a velocity corresponding to
the Lorentz factors β and γ. The laser frequency has to be matched according to the formula describing
the Doppler effect for the moving ions Ω = γω21(1− β cos θ), with the angle θ between the direction of
the ion and the laser beam. Frequent repetition of the process of directed momentum transfer in the
absorption process and the subsequent isotropic emission of a photon results in a directed momentum
transfer which in combination with a counteracting force results in a reduction of longitudinal velocity
spread. The counteracting force is usually provided by an external potential, e.g. by the ring rf system.
The requirement of certain transitions between atomic states and the available powerful laser systems
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allows the application of laser cooling only to a few selected incompletely stripped ions [32]. So far
7Li+, 9Be+, 24Mg+, 12C3+, 16O5+ ions have been used in laser cooling experiments at storage rings, see,
e.g. [32] and references cited therein. There are plans to apply laser cooling to heavier Li-like ions at
relativistic energies which can profit from increased power or bandwidth in modern laser systems [33].
3.2 Internal Target
Internal targets in storage rings offer various advantages compared to traditional solid targets with a
single passage of the beam. The high revolution frequency in the order of MHz results in a corresponding
increase in the luminosity, which can balance the reduced thickness of the target. The interaction of
reaction products with the target material is reduced proportional to the target thickness and allows
reaction studies at lowest momentum transfer. Furthermore, the use of thin targets reduces unwanted
multiple scattering and energy smearing. Cooled beams in a storage ring improve the definition of the
interaction point and the particle energy and consequently the resolution.
The operation of internal targets in a storage ring has to consider the requirements of ultra-high
vacuum conditions which is indispensable particularly for low energy and heavy ion beams. The targets
are designed for a good definition of the target volume and a minimum pressure rise in the vicinity
of the target with a small increase of the average storage ring residual gas pressure. Various types
of targets have been developed for the installation in storage rings [34]. The most common types are
cluster jet, droplet beam and pellet targets. Cluster jet targets are very flexible in the operation with
different materials, jet targets ranging from hydrogen over nitrogen to many noble gases have been
operated. They provide particle densities in the range 1010 to 1015 atoms/cm2. For the highest target
densities the gas is forced by a high input pressure through a cooled nozzle. A system of skimmers
shapes the gas jet to the size required by the experiment. The size of the nozzle through which the
gas is expanded into the interaction region and the geometry of the skimmers which shape the jet and
deflect scattered particles into the pumping system define the size of the target at the interaction point
of a few millimeters. Target densities as low as 1010 atoms/cm2 are useful for experiments for heavy
target materials and beams of highly charged heavy ions stored at low energy. The upper limit of the
acceptable target density is either defined by the technical abilities to produce the highest densities
or by the ability to compensate the energy loss and scattering of the beam particles by cooling and rf
systems. Depending on the beam species and the beam energy, target densities exceeding 1014 − 1015
hydrogen atoms/cm2 have been shown to exceed the capacity of the beam cooling system and result in
fast beam loss [35].
The production of a droplet target requires significantly lower nozzle temperatures, thus leading
to liquefaction of the gas within the nozzle reservoir. The liquid expands into vacuum and undergoes
cavitation induced fragmentation, forming a droplet beam with a broad droplet size distribution. This
technique is particularly important for the realization of high density target beams utilizing very light
target gases like helium and hydrogen [36]. The formation of a droplet beam has been observed by a
shadow imaging system, see Figure. 2.
Similar to droplet beam targets, pellet targets also use a cooled nozzle through which the liquid is
expanded and pellets are shaped by means of a piezo-transducer. The individual pellets have a size on
the order of micrometers and are separated by several millimeters. Thus a pellet target with a density
of 1020 atoms/cm2 in the pellet delivers an average target density on the order of 1015 atoms/cm2.
This is still in the regime where beam cooling can compensate the heating by the target. An option to
achieve higher target densities are storage cells, but at the expense of a long volume in which the beam
particles interact with the target, as e.g. for a polarized target [37].
Even higher target densities are feasible using solid material, e.g. strip or fiber targets. The target
density, however, significantly exceeds the limit which can be compensated by beam cooling. Solid
targets can be positioned into the halo or the outer edge of the stored beam thus the targets interact
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Figure 2: Transition from a cluster jet produced at a nozzle temperature of (a) 31 K to droplet beams
at different temperatures of (b) 29 K and (c) 26 K. Note the reducing angular divergence of the beam
(dotted lines) until eventually forming a hydrogen filament at (d) 23 K. The arrows indicate the nozzle
position. Taken from [36].
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only with a small fraction of the stored beam particles which are rapidly lost. Another method to reduce
the interaction rate of the ion beam with a solid target is sweeping of the ion beam over the target.
This allows to control the reaction rate and the lifetime of the stored beam. Solid targets however suffer
from reduced resolution and increased background and to some extent sacrifice the virtues of the use of
stored beams.
The actual target density in an experiment can be determined by beam based measurements from
the energy loss which follows the well-known Bethe-Bloch formula for the reduction of kinetic energy
in a path length of matter
dE
dx
=
Z2e4
4pi20me
nt
β2c2
(ln(
2mec
2β2
l(1− β2))− β
2) (3)
with the electron mass me, the elementary charge e, the vacuum permittivity 0, the electron density
in the target nt, the ion charge number Z, the mean ionization potential l and the Lorentz factor of the
beam β. The energy loss can be measured precisely by observing the change of revolution frequency
when the beam interacts with the target without any compensation by the beam cooling or rf system.
The relative change of energy
dE
E
=
1 + γ
γ
1
η
df0
f0
(4)
corresponds to the measured change of revolution frequency f0 and is proportional to the momentum
slip factor η = 1
γ2
− 1
γ2t
and the transition energy γt of the storage ring. This method is also applicable
to a beam based measurement of the average ring vacuum when no target interacts with the stored
beam. This average, however, does not take into account the composition of the residual gas.
Other kinds of targets were employed in the storage rings as well. Free or quasi-free electrons are
required for atomic physics experiments. The most common type of ion-electron interaction experiments
are studies of dielectronic recombination, see Section 6.4.3, which use the electron beam of an electron
cooling device at non-zero relative velocity. The velocity of the electrons, unlike the condition for
electron cooling, is detuned relative to the ion velocity. As the cooling by the electrons is absent,
such a detuning is introduced only for a short time period, typically for some 10 ms. After the time of
interaction at the detuned energy, cooling is re-established to compensate the emittance and momentum
spread growth and a coherent energy shift by readjustment of the electron energy. Alternatively, a
second electron cooling system can be used to maintain a cooled ion beam. The use of two electron
beam systems, one operated as electron target, at different electron energies or cooling by stochastic
cooling are options to operate at a continuous detuning without compromising the quality of the cooled
beam [38]. Alternatively, transverse electron targets which use electrons not confined by a longitudinal
magnetic field and cross the ion beam with very low energy have also been considered [39]. They have
the advantage of a well defined interaction point in the longitudinal degree of freedom.
Laser systems are also used in atomic physics experiments providing photons interacting with the
ion beam [40]. The laser beam, overlapped in a straight section with the ion beam, excites atomic
transitions in incompletely stripped ions for precision spectroscopy. As the interaction depends on the
angle between ion and laser beam, a precise control of the direction of the two beams in the interaction
region is needed. The precise control of the relative beam direction is achieved by the use of mechanical
scrapers which allow an angular adjustment of the two beams with an accuracy of better than 0.1 mrad.
This accuracy is sufficient as the internal angular spread due to the finite transverse emittance is at
least of that order.
Very recently it was proposed to employ thermal neutrons as an internal target in storage rings.
Either neutrons from a reactor [41] or thermalized in heavy water neutrons from a spallation reaction [42]
could be used for this purpose. The realization of such target is highly complicated and still requires
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extensive feasibility studies. However, if constructed, it will enable a wealth of physics cases related to
neutron induced reactions on stored radioactive beams.
3.3 Beam Diagnostics
The diagnostics of the stored beam in storage rings is preferentially non-destructive. Various diagnostic
devices are common with synchrotrons [43]. Capacitive beam position pick-ups allow the measurement
of the transverse position of a bunched beam at certain positions around the ring and consecutively the
adjustment of the beam orbit. The beam current and thus the number of stored ions can be measured
with fast current transformers for beams with a time structure imposed by the external rf fields. The
coasting beams can be detected with slow current transformers. The standard current transformers are
based on high permeability amorphous material which encircles the beam in a toroidal core, where the
azimuthal field component changes the magnetic properties and allows the measurement of the beam
current in the range of microAmperes to Amperes. For very low currents, e.g. for a low intensity or a
low energy beam of ions or molecules with low charge, cryogenic current comparators were more recently
developed. These comparators use a SQUID sensor to extend the measurement range to the regime
of beam currents of nanoAmperes [44]. Current monitors are particularly useful to measure the beam
lifetime by monitoring the stored current as a function of time and for the normalisation of reaction
rates.
The availability of beam cooling demands devices that measure the longitudinal momentum spread
and the transverse emittance with good resolution. Another requirement to monitor the cooling process
is the ability to perform the measurements with good time resolution. Schottky noise detection in
circular accelerators [45] is the appropriate technique to detect the distribution of revolution frequencies
which is proportional to the momentum distribution of the beam, δf/f ∝ ηδp/p, with the momentum
slip factor η. The Schottky signal provides information on the momentum distribution which is reflected
in the distribution of revolution frequencies and on the average beam momentum derived from the center
of the frequency distribution. If either the beam velocity β or the orbit length C is known with good
precision, the other quantity can be determined with the same precision, the revolution frequency can
be easily determined with an accuracy on the order 10−6 and in special cases even more precisely. For
a multi-component beam consisting of ions with mass M and charge Q the revolution frequency f of
the different ions stored simultaneously can be compared resulting in a precise measurement of nuclear
masses according to formula
δf
f
= −αp∆(M/Q)
(M/Q)
+ ηγ2
∆β
β
(5)
with the momentum compaction factor αp = δL/L/(δp/p) of the storage ring and the Lorentz factor γ.
Standard broadband system allow the detection of many Schottky signal harmonics at lower frequency,
but are not sensitive enough to detect higher harmonics. A special resonant Schottky noise detection
system was developed with an improved sensitivity which allows the detection of single ions and the
measurement of the frequency distribution of the Schottky signal with a time resolution of the order 10
ms [46]. It is based on a resonant cavity which couples in a narrow bandwidth to the electric field of
the passing ions (Figure 3). The high sensitivity detection is important for the detection of short-lived
nuclei and the measurement of their decay with good time resolution.
For the measurement of the transverse beam emittance a measurement of the beam width σx is
sufficient as the emittance x of a beam in a storage ring can be determined from the relation x = σx
2/βx.
The ion-optical beta function βx at the profile monitor is known sufficiently well from ion-optical
calculations and can also be determined experimentally by tune response measurements. The time
evolution of the beam distribution, due to cooling or interaction with an internal target, correspondingly
requires a precise beam size measurement with appropriate time resolution.
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Figure 3: (Colour online) Resonator for Schottky noise detection at a frequency of 245 MHz installed
at the ESR storage ring. The system provides high sensitivity due to its large quality factor and
consequently provides fast measurements with high time resolution by narrow band detection. Photo:
M. S. Sanjari, GSI, Darmstadt.
Detectors have been developed which measure ionized particles produced by the interaction of the
stored beam with the residual gas. Position sensitive detectors measure the projection of the residual
gas ions in a homogeneous transverse electric field onto the detector plane. Various concepts for such
beam profile monitors installed in the ultra-high vacuum of the storage ring have been implemented.
The sensitivity and time resolution is dependent on the vacuum conditions, but also on the beam species
and the beam energy as the ionization of residual gas particles is proportional to β and Q2 of the beam.
Other monitors of the transverse beam distribution make use of particles which change charge
during their circulation in the ring due to interaction with the residual gas. At low energies, protons
can capture an electron from the residual gas or an internal target resulting in neutral hydrogen atoms
moving straight in the direction of the beam with the same velocity unaffected by the field of magnetic
ring components. Neutral particle detectors at the end of the straight section provide an image of the
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stored beam. For heavy ions the down-charged ions generated by electron capture are separated from
the stored beam in dispersive sections [47, 48]. Position sensitive detectors can to be placed close to
the circulating beam, as the horizontal separation of charge states is in the range of millimeters to
centimeters depending on the charge change of the ion and the value of the dispersion function of the
ring. For low energy ions the detectors have to be installed in the vacuum, whereas for higher energies
it is acceptable to install the detectors in vacuum pockets which separate the detector volume from the
ring vacuum system by a thin entrance window. The detection of ionized beam particles for incompletely
stripped stored ions is also possible with this technology. Particle detector systems are also powerful
in coincidence measurements of particles emitted in the interaction of the stored beam with a target
and of beam particles which have changed their charge. The efficiency to transport the particles into
the detector is 100 %, if the dispersion function and the acceptance defined by the vacuum chamber
allow the transport from the interaction point to the detector. If the particle detectors have sufficient
transverse position resolution, the size and consequently the transverse emittance of the stored beam
can be measured.
Some of the detector systems employed in recent experiments are briefly discussed in the corre-
sponding sections of Chapter 6.
3.4 Beam Parameters
Powerful cooling systems are mandatory to prepare ion beams of highest phase space density for precision
experiments in storage rings. However, the achievable beam quality is not only defined by the cooling
system. The cooling to highest phase space density forces the beam into a regime when additional
processes contribute to the beam quality. Coulomb forces between the ions in the dense beam result in
heating processes. Intrabeam scattering (IBS) counteracts the achievement of high phase space density
with a heating rate which is inversely proportional to the phase space volume occupied by the ion beam
and increases linearly with the ion number [49]. In the course of the cooling process, the reduction of the
phase space volume ceases when the heating rate due to IBS equals the cooling rate. Other limitations
originate from the cooling process itself. The stochastic cooling rate depends on the ion number and
the electron cooling rate depends on the density of the electron beam. Finally, the beam energy also
affects the resulting beam quality due to the dependence of IBS on energy and the dependence of the
electron cooling rate on the beam energy for a fixed electron current.
Various simulation codes have been developed to study this intertwined interplay of beam parameters
[50,51]. Complementarily, a lot of information is available from beam experiments. A typical example of
experimental observations in Figure 4 shows the effect of the cooling rate on the equilibrium momentum
spread and transverse emittance. The measured values are shown with the cooling rate as a parameter
for two different values of the electron current and in comparison to the equilibrium values for stochastic
cooling. There is a clear trend of increased beam quality starting from stochastic cooling with a moderate
beam quality and an improvement of the beam quality for the increased electron current resulting in an
order of magnitude stronger cooling. Highest beam quality is clearly achieved with strongest electron
cooling. However, a detrimental effect is the decrease of beam lifetime which is inversely proportional
to the electron current.
Another limitation of beam quality comes from space charge effects. The space charge forces between
the ions result in defocusing which shifts the betatron tune and can result in a beam heating by
resonances and corresponding particle loss. The effect of the ion beam space charge is more pronounced
at low beam energy and is the strongest for highly charged ions. The tune shift δQx,y in the horizontal
or vertical phase space due to space charge is known from theory
δQx,y = − rpNiQ
2
2piβ2γ3Ax,y
(
2
1 +
√
(y,xβy,x)/(x,yβx,y)
) (6)
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Figure 4: (Colour online) Beam parameters (momentum spread, horizontal emittance) of a cooled beam
of U91+ at an energy of 400 MeV/u cooled by stochastic and electron cooling. The cooling rate of the
electron beam was varied by application of two electron current (25, 250 mA). The dependence on the
ion number is caused by intrabeam scattering.
with the classical proton radius rp, the number of ions Ni, charge and mass number of the ion Q and
A, the transverse emittance x,y and the beta function βx,y in the respective plane.
This is the most serious limitation for experiments with highly charged ions at low energy as well
as for the process of ion deceleration to low energy, e.g. for beam energies below 5 MeV/u the particle
number for cooled beams of bare heavy ions is limited by the space charge tune shift to some 107.
As the IBS rate increases ∝ Q4/A2, even for ions of low charge it is the limiting process for achieving
best beam quality, to some extent also caused by lower cooling rates for ions with lower charge. This
is known from the storage of protons and antiprotons and was also observed during the preparation of
singly-charged ion beams for laser cooling studies.
The operation of an internal target causes additional heating of the stored ion beam. The interaction
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of the stored beam with the target results in a growth of the transverse emittance  with a rate
d
dt
=
f0
2
(βtθ
2
rms +
D2t
βt
δ2loss + βtD
′2
t δ
2
loss) (7)
with the mean square scattering angle θ2rms and mean square momentum deviation δ
2
loss per target
traversal, the ion optical beta function βt at the target location and the dispersion function Dt and
its derivative D′t at the target location. An obvious conclusion from the emittance heating rate is the
preference for a small beta function at the target location in order to minimize the emittance heating.
A small dispersion function at the target supports the achievement of highest spatial resolution as the
interaction point of the particles with the target is independent of the particular particle momentum
and also reduces heating.
For intermediate target densities in the range 1013− 1014 atoms/cm2, the additional heating can be
compensated by electron cooling with a moderate electron beam current without significant increase of
beam emittance and momentum spread. The beam emittance and momentum spread is still determined
by IBS and no significantly different beam equilibrium values with and without target are evidenced.
For the highest available target densities exceeding 1015 hydrogen atoms/cm2, beam losses were observed
in experiments due to the interaction with the internal target. If the energy loss in the target is too
large for compensation by cooling it still can be compensated by the rf system of the ring. For a
bunched beam the energy loss is compensated by the rf potential which provides a force which increases
linearly with the energy deviation. In addition, the cooling system is needed to compensate the much
weaker energy straggling due to the target. If the increased local particle number in a beam bunched
by a conventional harmonic rf system constitutes a problem to stable beam operation, dedicated barrier
bucket systems [52] allow a flexible control of the longitudinal particle density and an operation with
reduced bunch currents to provide the required energy loss compensation.
For high intensity beams the increase of beam emittance due to IBS results in a beam size at the
target that can exceed the size of the target. As a result, the particles in the tails of the stored beam will
not pass through the target and thus do not contribute to the luminosity any more. This introduced
luminosity uncertainty has to be considered in experiments which are aiming at the measurement
of absolute reaction cross sections. Dedicated luminosity monitors have to be considered, see, e.g.,
Section 6.3.2.
A unique situation with respect to beam parameters of stored cooled beams was observed in exper-
iment with low intensity heavy ions. For electron cooled highly charged ions which are subject to the
highest IBS rates, a strong sudden reduction of the momentum spread was observed when the number
of stored ions was decreased below a certain value [19]. This discontinuous behavior can be interpreted
as a transition from a state when the IBS rate decreases below the cooling rate provided by the electron
beam. At lowest intensities, electron cooling dominates the ion beam properties and an equilibrium
is reached between the ion and electron temperature which is dominated by the electron temperature.
Direct measurements of the revolution frequency distribution for the low intensity beam revealed that
the frequency spread measured by Schottky noise detection is limited by the ripple of the dipole power
converters. The current noise results in fluctuations of the revolution frequency which is larger than the
spread due to the energy spread of the beam. The sudden reduction of the momentum spread indicates
a transition from a gaseous to an ordered ion beam [53], the ions are lined up longitudinally and IBS is
suppressed by cooling. In further experiments it could be demonstrated that the transverse emittance
also shrinks in a discontinuous way (Figure 5).
The very small momentum spread of the ordered ion beam has been achieved for ion numbers up
to 104. The experiments showed that the maximum number of ultra-cold ions depends on the applied
cooling rate which is determined by the electron current [55]. A significant dependence on the charge
of the ion could not be observed, most likely due to the dependence of both cooling rate and IBS rate
on the charge and mass of the ion. The ordered beam has a momentum spread below 10−6 which
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Figure 5: (Colour online) A discontinuous reduction of momentum spread and transverse emittance of
bare heavy ion beams cooled by electron cooling indicates a transition from an IBS dominated beam
to an ordered beam. The cooling rate defined by the applied electron current of 250 mA results in the
ordering effect for stored particle numbers below about 1000. The reduction factor is larger for ions
with larger charge. Taken from [54].
provides excellent conditions for precision experiments which are sensitive to the momentum spread. A
prominent example is Schottky Mass Spectrometry (SMS) [56], see Section 6.1.1, the measurement of
nuclear masses with cooled rare isotope beams by measurement of the revolution frequency by means
of the Schottky noise. The determination of the revolution frequency with an accuracy in the range
of 10−7 results in accurate relative measurement of masses which depends on the ion optical αp value
and consequently results in a relative mass accuracy down to a few times 10−7. The existence of the
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ultra-cold beam at small particle numbers with the very small frequency spread of the longitudinal
Schottky noise signal is key to the achieved resolution in mass measurements and separation of isomeric
states [57].
Experiments also proved that the ultra-cold beam has a transverse emittance in the range 10−6 to
10−7 mm mrad. This feature of the ultra-cold beam, until now, has not been exploited in experiments.
It would allow for ultimate precision for the determination of the interaction point in in-ring reaction
studies.
The operation of the storage rings with high intensity beams conflicts with the achievement of ul-
timate resolution. The increase of the phase space volume of the beam due to IBS results in larger
momentum spread and larger transverse emittance. High intensity operation is a trade off between
luminosity and resolution. High intensity stored beams also suffer from additional processes like in-
teraction with impedances of the accelerator components and space charge effects which can result in
beam losses. The achievement of a small impedance of the machine is in conflict with the necessity
to install experimental devices in the ring which introduce additional impedances, thus increasing the
total impedance value of the storage ring. Higher beam intensities can be stabilized by feedback sys-
tems which damp coherent motion of the beam particles due to impedances. For the typical cooled
beam parameters coherent oscillations start for ion currents of a few milliAmperes of coasting beam,
for bunched beam with larger local ion currents the threshold for collective effects is even lower and is
proportional to the increased local current of the bunched beam.
3.5 Beam Lifetime
The lifetime of the stored beam is an important property for experiments in storage rings. High intensity
beams and high brightness beams can have limited lifetime due to interaction with machine impedances
and due to space charge, particularly at low energies space charge forces limit the intensity for cold
beams. At higher energies the main limitation comes from interaction of the ions with the residual gas
or an internal target with which the ion beam interacts. The process of interaction with residual gas
and an internal target is basically the same and depends on the stored particle species and the beam
energy. Highly charged ions tend to capture an electron in the interaction with matter. The capture
rate depends on the ion charge and the energy of the ion. Partially stripped ions can be ionized by the
target. After changing the charge in both cases, capture and ionization, the ion will be lost at the limited
momentum acceptance of the storage ring. Even in the case of large momentum acceptance and the
ability to store ions with different charge states the orbits of the charge states will differ significantly and
the situation has to be studied by ion optical calculations in order to have clear experimental conditions
and to benefit from the large momentum acceptance. The rate of charge changing is proportional to
the target density. The residual gas affects all stored particles and consequently storage rings which are
operated with heavy ions aim for a gas pressure in the low 10−11 mbar range or better, particularly if
particle storage at lowest energies is considered. Therefore the vacuum systems are designed as ultra-
high vacuum systems with special choice of all materials installed and the necessity to bake out the
vacuum system in situ is an indispensable procedure to reach ultra-high vacuum conditions in workable
time periods. The rules for ultra-high vacuum components apply also to all experimental set-ups which
are installed in the vacuum system of the ring and consequently contribute to the total vacuum system
outgassing rate.
For highly charged ion beams which are cooled by electron cooling the main loss mechanism is
electron capture of free electrons during the passage through the cooling section. The dominant capture
process is by radiative electron capture [58,59], especially for bare ions, but other capture process, e.g.
dieletronic recombination for incompletely stripped ions, see Section 6.4, can contribute significantly to
the recombination rate or even dominate the loss rate [60]. The recombination with electrons of the
electron beam is proportional to the electron density. Thus stronger cooling results in faster particle
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losses, but the ratio of the cooling rate and recombination rate is not affected for a constant normalized
emittance of the ion beam. Even for the ions of highest charge the lifetime is two to three orders longer
than the cooling time and most of the experiments are not seriously hampered. In experiments which
are aiming at long storage time, e.g. when the ion beam is used to breed another beam component in
the ring, the cooling rate has to be compromised for longer beam lifetime.
Another regime is the operation of storage rings with high energy ions which still have a significant
number of bound electrons. A typical case is experiments using laser systems either for precision
spectroscopy, fundamental issues or laser cooling. The lifetime of these ions is limited by the high cross
section for stripping in the residual gas. The requirement for this type of experiment is in accordance
with that for operation of highly charged ions at lowest energy and requires a vacuum pressure of 10−11
mbar or better. Finally, storage rings were employed in experiments with low energy molecular beams
and for reasonable beam lifetime the same stringent vacuum requirements are valid.
3.6 Beam Accumulation
The intensity required by experiments in storage rings is not always available from the injector feeding
the ring. The injector has to deliver the required beam current in a time period which is matched to
the injection method of the storage ring. The lack of intensity to fill the storage ring is usually more
pronounced for experiments using radioactive ion beams. Methods to accumulate secondary beams were
first developed for the preparation of antiproton beams which were required for high luminosity operation
in proton-antiproton colliders. More recently various additional methods of beam accumulation have
been demonstrated which were conceived for experiments with heavy ion and rare isotope beams. The
accumulation methods are based on beam cooling which allows one to overcome the limit of the intensity
due to the value defined by the acceptance of the storage ring and the emittance of the injected beam.
The general scheme is based on the ability provided by cooling to force particles within the acceptance to
a certain phase space volume and thus emptying a major part of the acceptance for repeated injection.
This makes beam accumulation an indispensable method to provide useful beam intensities, particularly
for radioactive ion beams.
In low-energy storage rings a routine method to inject the beam into the ring is transverse multiturn
injection. This method allows filling of the transverse ring acceptance during a time corresponding to
several turns, typically some ten turns, with a beam of smaller emittance. The well-established standard
method uses horizontal multiturn injection, but the combination with vertical phase space painting is
an option, which requires the use of a tilted injection septum and a sufficiently large acceptance of
the storage ring in both transverse planes. Due to cooling it is possible to repeat the injection after
compressing the stored beam in all degrees of freedom to a much smaller phase space volume [61].
Consequently, the compression to the smaller phase space volume is repeated for even more injections.
The repeated multiturn injection has been used with beams from electrostatic accelerators, linear accel-
erators and cyclotrons. The particles accumulated with this method range from protons, unpolarized
and polarized, to highly charged heavy ions.
The efficiency of the accumulation depends on the emittance of the incoming beam and the accep-
tance of the storage ring, but also the lifetime of the beam which needs to be significantly longer than
the cooling time affects the performance of the accumulation procedure. The gain factor depends on
the beam lifetime. Long-lived secondary particles at high energy are more suitable for accumulation
than short-lived isotopes. Low energy beams should have a long lifetime with respect to the vacuum to
allow a large gain factor.
Another non-Liouvillean method is charge changing injection. This is used routinely for protons by
injecting H− ions from the injector and passing them through a stripping foil at the injection point of
the ring. This method has also been demonstrated for light ions by ionizing the ions in a stripper foil to
the bare charge state and thus matching the injected particle after stripping to the magnetic rigidity of
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the storage ring [62]. The particle can pass several turns through the stripping foil until the closed orbit
in the ring is shifted to a position outside the foil, similar to the orbit shift during multiturn injection.
This method, however is limited for heavier ions by the energy deposition in the stripper foil during
successive passages. The energy loss in the foil results in deceleration of the ions during their first turns
in the ring.
The accumulation can also be performed in longitudinal phase space. Already in the early concepts
for antiproton accumulation a ring with large momentum acceptance was filled with coasting beam of
smaller momentum spread which was compressed in the phase space by stochastic cooling. This has
later also been applied in ion storage rings with appropriate momentum acceptance. The method is
based on harmonic rf systems and the application of cooling to decrease the huge momentum spread
(up to a few percent) of the stacked beam. By application of modern broadband rf systems for the
control of the longitudinal particle position in the ring, the method can be extended to filling injected
beams into a fraction of the ring circumference. Barrier bucket systems provide an rf potential which
can vary from sinusoidal in time to nearly rectangular defining a gap in the circulating beam for the
injection of additional particles. The ring fraction which is not filled by the injection process is used
to store and accumulate the beam after cooling. This has been demonstrated both with electron and
stochastic cooling [63, 64]. Stochastic cooling is limited by the fact that a large number of particles
in a short longitudinal distance results in a reduction of the stochastic cooling rate, whereas electron
cooling is independent of the ion density. Both cooling methods reduce the momentum spread of the
beam and force the particle into the stable longitudinal phase space region defined by the rf waveform.
An example of a reaction experiment at the ESR, where the accumulation of secondary particles was
decisive is discussed in Section 6.3.
A constraint to the accumulation of high intensity beams is given by the momentum spread of the
cooled accumulated beam which has to be small enough to keep the particles with a given rf amplitude
in the available longitudinal phase space area. For stochastic cooling, the cooling rate decreases with
the number of stored ions and will not be able to cope with a constant injection rate during the increase
of the accumulated intensity. For electron cooling limitations can come from other processes, high phase
space density approaching the space charge limit or the saturation of the accumulation process due to
the lifetime limited by the recombination rate of the ions with the electrons.
3.7 Beam Deceleration
Storage rings are usually equipped with similar power converter and rf systems as synchrotrons which are
preferentially used to increase the beam energy. The storage rings with low energy injectors accelerate
the beam in a synchrotron mode to the energy required by the experiment. A special feature of the
storage rings, which allow injection at high energy due to the availability of a high beam energy from
the injector, is the operation in deceleration mode. This employs the usual ramped components of
synchrotrons operated synchronously from high to low values corresponding to the required reduction
of beam energy. The main motivation to decelerate the beam comes from experiments which prefer
highly charged ions or secondary beams at lowest energies. The high energy of the primary beam is
necessary to produce high charge states or secondary particles with large rates, the low energy after
deceleration allows studies of certain processes or improves the resolution in the observation of the
interaction of beam particles with a target.
An important benefit for the operation in a deceleration mode comes from the availability of beam
cooling. Beam cooling provides beams of small momentum spread and emittance. As the beam emit-
tance unavoidably grows adiabatically during deceleration, unlike the adiabatic shrinking of beam emit-
tance during acceleration, the deceleration without beam cooling results in losses in the course of the
deceleration process. Such losses can be avoided for beams which are cooled before deceleration and
cooling increases the efficiency of the deceleration process. This is illustrated in Figure 6, which shows
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Figure 6: Beam parameters of cooled bare krypton ions stored in the ESR and cooled by electron cooling
at different energies with a fixed cooling rate. The growth with increasing number of stored ions and
for lower energy of the beam is caused by intrabeam scattering. Adopted from [65].
that even with cooling the emittance at lower energies is increased. It shows the dependence of the beam
quality on beam energy. In these measurements the electron density was kept constant by varying the
electron current according to the change of electron density with beam velocity. For the consequently
constant cooling rate, the equilibrium values improve at higher energies as expected because of the
dependence of the IBS rate on energy. In addition, cooling is substantial as cooling compensates any
additional emittance growth during deceleration, either the natural adiabatic growth or due to addi-
tional heating by machine imperfections.
The first application of a storage ring for deceleration was the LEAR storage ring at CERN for the
deceleration of antiprotons [66]. Similar to its predecessor LEAR the Antiproton Decelerator (AD) [14]
is the first storage ring in a staged arrangement of decelerators for bringing antiprotons to rest, e.g.
capturing them in a trap. In a similar fashion the ESR ring was designed and commissioned for the
deceleration of highly charged ions or rare isotopes which are used for in-ring experiments or after
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extraction and further deceleration in the HITRAP linear decelerator for transfer into the trap [67,68].
Another branch of the deceleration concept at the ESR is the transfer of decelerated highly charged
ions up to bare uranium from the ESR to the CRYRING@ESR where the stored beam, optionally after
further deceleration in CRYRING@ESR, is used in physics experiment in the energy regime of a few
MeV/u or even lower. In the ESR the feasibility of storage of heavy ion beams after deceleration has
been demonstrated with storage over time periods which allow experiments using the stored beam in
combination with the internal target, see Section 6.3.2.
A typical deceleration cycle in the ESR consists of the injection of ions at an energy of 400 MeV/u,
which is matched to the operation of the stochastic cooling system right after injection, followed by
deceleration to an intermediate energy of 30 MeV/u [65]. At 30 MeV/u electron cooling is applied
and the rf harmonic number is changed thus allowing further deceleration with the same rf system
to a minimum energy of 3 MeV/u. The typical cycle time for the deceleration from 400 to 3 MeV/u
is about 30 s, determined by the required cooling time and fastest ramp rate in deceleration mode
which was achieved so far. The efficiency of the deceleration varies with beam species, beam intensity
and the final energy after deceleration and is in best cases up to 50 % including all kinds of losses.
The operation of highly charged ions at low energy is clearly limited by recombination losses in the
residual gas and the decrease of the beam lifetime with the energy of the beam. For the typical ESR
vacuum in the 10−11 mbar range lifetimes of a few seconds for bare heavy ions at the lowest energy
were demonstrated which are increasing with the square of the energy and inversely to the charge of
the stored ion. The beam lifetime at lowest energies is dominated by the residual gas, recombination
losses with the electrons of the cooling system are of minor importance.
For experiments which are performed with the decelerated beam stored in the ESR electron cooling
is applied down to the lowest energies. The beam parameters of the stored ion beam are dominated by
the equilibrium between intrabeam scattering and cooling. For a constant cooling rate Figure 6 shows
the beam parameters depending on the particle number for different energies. The internal target is
preferentially operated at reduced target density which is matched to the shorter beam lifetime at low
energies. Particularly light target particles are well suited for experiments with low energy beams. The
low energy reaction products require detection systems which are installed in the vacuum system of the
storage ring. The use of thin windows to separate the volume for the installation of the detectors for
the low energy ions from the ring vacuum is ruled out as the reaction products would be stopped in the
window, see Section 6.3.2. The necessity to install detectors in the ring vacuum containers results in
very stringent requirements on the vacuum compatibility or special solutions with detectors which will
be moved into the vacuum system through ports.
4 Production of Secondary Beams
As mentioned in Section 1, we refer to ‘secondary particles’ as those which do not readily exist on
Earth. They have to be specially produced in nuclear or atomic reactions at dedicated accelerator
facilities. Such secondary particles can either be stable elements in specific high atomic charge state,
short-lived radioactive nuclides, antiprotons, etc. The production of beams of secondary ions is an
essential prerequisite for the experiment. This work is restricted to the discussion of experiments with
highly charged (radioactive) ions which is relevant to the physics programs at the existing heavy-ion
storage rings. Special issues related to the production and separation of beams at the future storage
rings will be addressed in the corresponding sections.
23
4.1 Production of highly-charged ions
Whereas intense beams of highly charged light ions can directly be produced in modern ion sources or
electron-beam ion traps/sources (EBIT/S), the efficient production of beams of highly charged heavy
ions is presently done by stripping bound electrons off the swift projectiles when passing through a
thin stripper target [69]. For this purpose, low charged ions from an ion source are accelerated to
high energies by employing linear accelerators, cyclotrons and/or synchrotrons. The accelerated high-
energy beam of primary particles is then focused onto a dedicated stripper target. In first order, the
so-called Bohr criterion [69] can be used to estimate the velocity needed to achieve a required charge
state. The criterion predicts that bound electrons are stripped off the projectile most efficiently during
the penetration through matter if their “classical” orbital velocities β = v0/c = Z · α/n, are in the
order of the velocity of the projectile, where Z is the proton number, α the fine structure constant
α = 1/137, and n is the principal quantum number. For example, to produce the heaviest available
stable beam, uranium, as a bare (fully-ionized) ion the velocity β = v0/c ≈ 0.67 is needed, which
corresponds to primary uranium beam energy of at least 325 MeV/u. If the stripper target is thick
enough, the charge state distribution at the exit of the target becomes independent of the initial charge
state of the projectile, that is the probabilities for stripping and pick-up of electrons are equal leading
to the equilibrium charge state distribution. The equilibrium charge state distribution depends on the
proton number of the projectile and of the stripper material and on the exit energy from the target [70].
For many experiments, the production of ions with one- (hydrogen-like, H-like), two- (helium-like,
He-like), three- (lithium-like, Li-like) and so on bound electrons is required. In such cases it may be
efficient to select stripper foils to be much thinner than the equilibrium thickness. In first order, the
thickness of the foil has to be equal to n · 〈x〉, where n is the number of electrons to be removed from
the projectile and 〈x〉 the mean free path between atomic collisions in the target.
4.2 Production of exotic nuclei
Dependent on the nuclei of interest, various nuclear reactions can be employed for their production.
Focusing on the experiments at the existing storage rings, two main reactions, projectile fragmentation
and in-flight fission, are employed.
In the projectile fragmentation reaction, by interaction with target nuclei several nucleons are re-
moved from the projectile. In a simplified picture, the part of the projectile corresponding to the geo-
metrical overlap with the target nucleus is suddenly cut off. A highly excited fragment travels nearly
with the same velocity and nearly in the same direction as the projectile. The fragment de-excites
by emission of neutrons, charged particles and γ-quanta. Many different nuclei are produced in the
reaction. The production cross-section decreases with the number of removed nucleons. Furthermore,
neutron-deficient nuclei are produced with higher probabilities than neutron-deficient ones. Therefore,
the primary beam is typically selected to be as close to the nuclei of interest as possible. The projectile
fragments are kinematically focused in the forward direction. The energy spread is different for each
fragment and, due to Fermi momenta of the nucleons, depends on the number of removed nucleons.
In-flight fission reaction is applicable to uranium beams, in which the projectile disintegrates into
two fragments. Stable 23892U146 has more neutrons (N = 146) than protons (Z = 92). The neutron-
to-proton ratio of the fragments remains nearly the same as the one of the parent 238U. Therefore,
fission reaction is typically used to produce neutron-rich medium mass nuclei [71, 72]. Different from
the projectile fragmentation reaction, the emittance of the beam after fission is dramatically larger. In
the centre of mass system the kinematics of fission fragments is determined by Coulomb repulsion. In
the case of uranium fission the total kinetic energy of fragments is about 170 MeV.
The thicknesses of the targets are typically in the order of one to a few g/cm2. There is a compromise
to be found in selecting the target thickness between the production yield of the rare isotopes and
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emittance growth. Carbon and beryllium targets are often used. The rare fragments emerge from the
target at relativistic energies and thus as highly-charged ions.
The production rates of rare isotopes can be well estimated with modern codes. For projectile
fragmentation reaction the EPAX3 parametrisation [73] and for fission reaction the ABRABLA code
[74,75] are frequently used.
4.3 Separation of secondary beams
In principle, in all atomic and nuclear reactions discussed above the ions of interest are accompanied by
unwanted contaminants. In the case of highly-charged stable ions, these are the ions of the same element
in other charge states. To isolate the beam of interest is relatively easy and is achieved after a dipole
magnet. The requirements to the resolving power of the separation magnetic system are moderate since
after the thin stripping foil the ions travel with nearly the same velocities and the energy as well as
angular straggling are small [76,77].
In the case of the rare nuclides, the separation of nuclei of interest from contaminants requires
dedicated in-flight fragments separator facilities. The in-flight separation method is based on the fact
that, due to the kinematics of the reaction, the products are mainly emitted in the forward direction.
Depending on the energy range, the reaction products will have characteristic charge state distributions.
To boost a specific charge state of interest, foils of special materials and thicknesses may be used after the
production target. The cocktail beam of various fragments is analyzed by a magnetic system dispersing
them by their momenta. However, pure electromagnetic separation does not allow the separation of
isobaric contaminants present in the same atomic charge state. Therefore, for the spatial separation of
mono-isotopic beams, dedicated energy degraders are used in addition to the electromagnetic analysis.
According to Eq. (3), the atomic energy loss (∆E) of the ions penetrating through matter depends
on their Z2 [78]. In this way the magnetic rigidity (Bρ) analysis is performed before and after the
degrader. This is the so-called Bρ−∆E−Bρ separation method [79]. A clear advantage of the in-flight
separation is the short flight-time between the production target and the exit of the separator. This
time is in the microsecond region or less, and thus allows study of the most exotic nuclei with shortest
lifetimes. The disadvantage is that the nuclear reactions lead to inevitable phase-space enlargement
of the separated beams [76]. Models to calculate momentum distributions of secondary beams can be
found in [77, 80]. All presently operating storage rings are connected to in-flight separators. The only
project to construct a low-energy storage ring at ISOLDE/CERN is based on the complementary, ISOL
separation method [81].
5 Status of Storage Rings
5.1 Existing Storage Rings for Atomic and Nuclear Physics Experiments
5.1.1 The medium- and low-energy storage ring complex at GSI in Darmstadt
After a very active decade at the end of the last century several of the storage rings of the first
generation have been shut down. At present a few rings continue operation and pursue a broad physics
program. The ESR storage ring at GSI will continue to serve for a variety of atomic and nuclear physics
experiments providing highly charged ions and rare isotopes. The ESR allows the use of beams in a
wide energy range. Already the injection energy from the synchrotron SIS is variable and allows a large
flexibility in the choice of the charge state after stripping the ions in the beam line. The primary beam
from SIS can also be used to produce and separate rare isotopes in the in-flight separator FRS [82]. After
injection into the ESR the beams can be accelerated or decelerated to any energy which corresponds to
a magnetic rigidity in the range 0.5 to 10 Tm.
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Figure 7: (Colour online) The extended storage ring complex with the combination of ESR and
CRYRING@ESR. Stable highly charged ions or radioactive beams from the fragment separator FRS
are injected into the ESR. The experiments are conducted in the ESR at variable energies ranging
from about 400 MeV/u down to below 10 MeV/u. At an energy of about 15 MeV/u the ions can be
transferred to CRYRING@ESR, where they can be further decelerated and stored at variable energies
down to 100 keV/u.
The addition of the former CRYRING (Figure 7) as another stage for deceleration of heavy ions
and rare isotopes will open an extended scope for experiments with low energy stored and cooled
heavy ion beams in the new CRYRING@ESR facility which is part of the FAIR Phase-0 experimental
program [83]. The CRYRING was formerly operated with beams from a linac which were injected
at rather low energy. Consequently an excellent vacuum was required and routinely achieved. Fast
acceleration of the injected low energy beam was another feature of CRYRING. Both aspects make
it the most adequate storage ring for the deceleration and storage of highly charged ions with final
energies in the order 100 keV/u.
The two-stage deceleration chain with ESR and CRYRING@ESR is presently under commissioning
and is expected to be available in the coming years for physics experiments. Both rings are equipped
with electron cooling and allow for experiments at internal targets. Both rings also have components
for slow extraction of the decelerated ion beams to support fixed target experiments with the small
emittance of cooled stable or radioactive ions.
A particular operation mode only available with highly charged ions at the ESR is the ultra-slow
extraction of the cooled beam by use of the charge changing interaction of the stored particles with the
internal target or the electrons of the cooling system. This enables a truly continuous beam for fixed
target experiments with the excellent quality provided by cooling. The energy can be chosen in the
range which is available for beam storage and the extracted current can be controlled by the density of
the target or the electron beam which are used to produce down charged ions after electron capture.
5.1.2 The medium and low-energy storage ring complex at RIBFL in Lanzhou
The CSR facility at IMP Lanzhou serves a similar class of experiments with cooled heavy ion beams.
The layout of the facility is given in Figure 8. It also allows the production of rare isotopes by in flight
separation and injection into the storage ring CSRe which is also equipped with an internal target and
electron cooling. Similar to the ESR at GSI, the CSRe can be operated in a dedicated ion optical mode
with the transition energy γt equal to the relativistic beam energy γ. This special ion optical mode
results in the isochronous revolution of particles in a momentum acceptance of typically ±0.25 % which
is suited for the measurement of short-lived rare isotopes either with a destructive time of flight detector
or using highly sensitive resonant cavities for Schottky noise detection in time intervals shorter than
the particle lifetime, see Section 6.1.
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Figure 8: (Colour online) Schematic layout of the RIBLL-CSR facility at the Institute of Modern Physics
in Lanzhou. Primary beams are accelerated to relativistic energies by two cyclotrons and a heavy-ion
synchrotron CSRm. The reaction target is placed at the entrance of the in-flight fragment separator
RIBLL2 and transported to the cooler-storage ring CSRe. Components of the setup for the reaction
studies are indicated, see Section 6.3.
5.1.3 The medium-energy storage ring at RIBF in Wako
A dedicated ring for operation in isochronous modes is the RareRI ring at RIKEN which has been com-
missioned recently [12]. It is designed using components of the former TARN-II ring for the operation in
the isochronous mode for mass measurements of rare isotopes produced with primary heavy ion beams
accelerated in the superconducting cyclotron SRC and produced in the separator BigRIPS. Much care
was spent on the tuning of the magnetic system for the isochronous revolution in a momentum range of
δp/p = ±0.5 % A special feature of this ring is a dedicated injection kicker system which is selectively
triggered when a certain isotope intended to be stored in the ring passes a detector in the transfer line.
5.2 New Storage Rings
There are presently two funded accelerator projects which employ storage rings with the typical concepts
and technology of the existing storage rings. In the present scope of the Facility for Antiproton and
Ion Research (FAIR) [84], the so-called Modularized Start Version [85], two new storage rings will be
constructed, the Collector Ring (CR) [86] and the High Energy Storage Ring (HESR) [87]. Former plans
to build even more storage rings are postponed to a later stage of the project due to funding issues [85].
The two rings will preferably be used with antiprotons and highly charged stable and/or radioactive ions.
The FAIR facility will provide 3-4 orders higher intensities for rare isotopes produced from a primary
heavy ion beam by bombardment of a solid target and in flight separation. Two large acceptance
separators, one for rare isotopes and one for the antiproton beam are foreseen. With a primary high
intensity short proton bunch at 29 GeV antiprotons are produced by bombardment of a thick copper
target and by subsequent separation of antiprotons of a kinetic energy of 3 GeV. The rare isotopes
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are produced in a thick carbon target. They will be separated in flight with the new superconducting
fragment separator Super-FRS [88] and at an energy of 740 MeV/u will be transported to the CR. Both
secondary beams, rare isotopes and antiprotons, arrive with large emittance and momentum spread in
a very short bunch (≤ 100 ns) at the CR.
By design, the CR is a ring with large acceptance, both transversely and longitudinally, for the
storage of secondary beams at a maximum magnetic rigidity of 13 Tm, aiming at the injection of
antiprotons with an energy of 3 GeV and rare isotopes with an energy of 740 MeV/u. It is equipped
with a dedicated rf system for fast bunch rotation to reduce the momentum spread of the incoming short
bunch and stochastic cooling in order to be able to prepare the secondary beam in a short time interval
(about 10 s for antiprotons and 1 s for rare isotopes) for transfer to the second new storage ring HESR.
As an additional feature, the flexible ion optical layout allows operation of the CR in isochronous mode
for mass measurements of short-lived rare isotopes benefiting from higher intensities and consequently
availability of short-lived rare isotopes far off stability.
The cooled beam from the CR is transferred and injected into the HESR with the maximum rigidity
of 13 Tm. Antiprotons can be accumulated in the HESR with a combination of a barrier bucket rf
system and stochastic cooling. The goal is to achieve up to 1010 stored antiprotons in the HESR. Stored
particles can be accelerated or decelerated in the HESR with a ramp rate of 0.025 T/s to any energy
which corresponds to the rigidity range 5 to 50 Tm. More recently the option to operate the HESR with
ion beams was investigated [89,90]. In a similar way as with antiprotons the HESR can also be used for
experiments with stored highly charged stable and/or radioactive isotope beams. The ion beams will be
injected at the CR energy of 740 MeV/u and can be accelerated or decelerated to energies in the range
200 MeV/u to 5 GeV/u. The HESR will be equipped with stochastic and electron cooling and internal
targets and therefore experiments with cooled stored ion and antiproton beams will be possible.
The second major storage ring facility which is proposed and funded is the High Intensity heavy ion
Accelerator Facility (HIAF) [91] proposed by IMP Lanzhou which will be constructed in the Huizhou
area in the south of China. The main interest is in the fields of atomic, nuclear and plasma physics. The
primary beam section consists of a new superconducting heavy ion linac which injects into the booster
synchrotron BRing. The BRing uses two plane multiturn injection and has the option of electron cooling
of the injected beam in order to reach highest intensities of heavy ions. After acceleration in BRing the
beam can either be transferred directly or via a fragment separator of rare isotope beams to the SRing,
the second ring in the HIAF concept. SRing is foreseen to be equipped with cooling and internal target.
As an option the SRing can be extended in a later stage of the project by a third ring (MRing) which
would allow experiments with merged co-propagating ion beams. At the time of writing this review,
the full scope of the HIAF facility is still under discussion.
In addition, the Nuclotron-based Ion Collider fAcility (NICA) which is presently under construction
at JINR Dubna resembles various aspect of storage rings [92]. It uses a new booster synchrotron which
is equipped with electron cooling for accumulation at the injection energy with heavy ion beams coming
from a new heavy ion linac. From the booster the heavy ions are transferred to the existing Nuclotron
ring which allows the acceleration of heavy ions to the energy at which the ion beams in the NICA
collider are stored and collided. In the first phase it is planned to collide counter-propagating gold
beams with an energy up to 4.5 GeV/u per beam, in a later stage also the collision of other ions or
polarized proton beams is envisaged.
Another very recent proposal by JINR Dubna, the DERICA project, considers the construction of a
facility for the acceleration of rare isotopes in a chain of linear accelerator and booster synchrotron and
the storage of the rare isotopes in a storage ring [93]. The main goal is the collision of the stored rare
isotopes with electrons which are circulating in an electron storage ring which has a common interaction
point with the ion ring. The rare isotope-electron collider concept was proposed in previous storage
ring projects, but was never realized because of limited funding [94].
At CERN/ISOLDE, there is a standing proposal to construct a dedicated low-energy storage ring
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[81]. The major goal is to perform in-ring experiments with stored and cooled short-lived nuclides [95].
The peculiarity of this project is that ISOLDE is based on the Isotope-Separation On-Line method,
where the radioactive nuclides are produced at rest in a spallation reaction of 1-1.5 GeV protons on
a thick target, extracted and transported as singly-charged ions, charge-bred in a dedicated EBIS,
accelerated to a few MeV/u energies by a dedicated HIE-ISOLDE linac and then injected into the
storage ring as highly charged ions.
6 Experiments at Heavy-Ion Storage Rings
The unparalleled experimental capabilities of heavy-ion storage rings enable a broad range of precision
studies with stable and radioactive secondary beams [96]. Whereas in the past the majority of conducted
experiments could easily be placed into a specific research field like atomic physics, nuclear structure
or tests of fundamental symmetries, investigations today are more often at the intersection of different
fields.
6.1 Storage ring mass spectrometry
Atomic nuclei are quantum-mechanical objects, in which two types of fermions, protons and neutrons,
are bound in a complicated way through the interplay of strong-, weak-, and electromagnetic- funda-
mental interactions [97]. The result of this interplay is reflected in the nuclear binding energy (BE),
which is one of the basic properties of the nucleus. It is connected to its mass, M , in a straightforward
way through
M(Z,N) = Z ·mp +N ·mn −BE(Z,N), (8)
where Z and N are the numbers of protons and neutrons in the nucleus, respectively, and mp and
mn are respectively the proton and neutron masses. Masses of the neighbouring nuclei form the mass
surface, which in general exhibits a smooth behaviour [98].
Since the very beginning of nuclear physics, the knowledge of binding energies was decisive for
understanding the nuclear structure [97]. The nuclear shell closures, pairing correlations, or onsets
of deformation are seen as irregularities on the smooth mass surface. Various mass filters have been
proposed for systematic studies of nuclear properties. For instance, one and two neutron (proton)
separations energies are routinely employed to determine the borders of nuclear existence (driplines),
see, e.g. [99], for studying the evolution of the known neutron (proton) shell gaps and the search for
new shell closures, see, e.g. [100, 101]. Other filters can specifically be built to investigate odd-even
staggering, which is related to pairing correlations [102,103], proton-neutron interaction strengths, see,
e.g. [104–106], etc. In addition to nuclear structure, masses are an essential input to modelling of
stellar nucleosynthesis processes, see, e.g. [107–110]. It is therefore no surprise that precision mass
measurements of exotic nuclei are pursued at basically all existing as well as future radioactive-ion
beam facilities.
Various techniques have been developed and are successfully applied dependent on the facility type
and nuclei of interest. To address various physics applications one requires different levels of mass
accuracy. For instance, for investigations of nuclear structure like pairing effects or shell evolution a
typical relative mass accuracy of δM/M ≈ 10−7 is sufficient while for tests of fundamental symmetries
or neutrino physics one often requires δM/M < 10−10 or even smaller [98]. In general, the Penning
trap mass spectrometry (PTMS) [98], applied to the trapped ions nearly at rest, is presently superior
in terms of achievable mass precision and accuracy. The conventional PTMS detection scheme is the
time-of-flight ion-cyclotron resonance technique (TOF-ICR). In TOF-ICR, a relatively large number of
nuclei of interest is needed and it can therefore be applied to nuclides with relatively high production
yields [109]. Since very recently, the phase-imaging ion-cyclotron-resonance technique (PI-ICR) [111]
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is employed in PTMS. With the introduction of this new technique the mass resolving power could
significantly be increased [112–114] and, furthermore, the number of needed ions of interest can in
principle be reduced to just a few [115, 116]. In addition to PTMS, the multi-reflection time-of-flight
(MR-TOF) technique [117–119] is being intensively developed worldwide and is more often used for
mass measurements of short-lived nuclei. First mass measurements with MR-TOF [100,120,121] reach
relative mass accuracies in the order of δM/M ≈ 10−7 and indicate the huge potential of this method.
For more details the reader is referred to [122] and references cited therein. On the one hand, to
be studied by PTMS or MR-TOF, the half-lives of the nuclides of interest need to be at least a few
milliseconds. Furthermore, only a few different nuclides of interest or even a single nuclear species can
simultaneously be addressed. On the other hand, in the storage ring mass spectrometry (SRMS) several
tens of different nuclei in various charge states can be measured at the same time. Since the SRMS is
used on fast in-flight separated ions, the nuclides with half-lives down to a few ten microseconds can be
studied. Mass resolving powers of δM/M ≈ 10−6 − 10−7 are routinely achieved dependent mainly on
the available reference masses. The biggest advantage of SRMS in comparison to all presently employed
mass measurement techniques is the small number of short-lived ions needed to achieve a successful
high-precision determination of their mass. Often, just a single stored ion is sufficient [123].
Storage ring mass spectrometry is applied at the FRS-ESR, RIBLL2-CSRe and Big-RIPS-R3 facil-
ities [57, 124, 125]. The storage-ring mass spectrometry is based on the measurement of the revolution
frequencies of the ions stored in the ring. By inspecting Eq. (5), it is clear that the mass-to-charge
ratios of the ions are directly related to their revolution frequencies. However, there is a second term
on the right hand side of this equation which contains the velocity spread of the ions. The magnitude
of this term determines the mass resolving power and has to be made as small as possible. There are
two ways to minimize this term.
6.1.1 Schottky mass spectrometry
The first method is based on the cooling the beam by electrons, see Section 3.1.1. On the one hand, since
the secondary beams are produced with relatively large emittance, typically larger than the injection
momentum acceptances of the corresponding storage rings, the electron cooling takes at least several
seconds. On the other hand, the large velocity spread enables the simultaneous injection and storage
of multiple ionic species with different M/Q values but matching velocities, such that their magnetic
rigidities Bρ = Mvγ/Q are equal to the selected injection Bρ of the machine [126]. Thus, the entire
injection acceptance, frequency bandwidth, of the storage ring is filled with various exotic nuclei. By
analyzing the revolution frequencies of nuclei with well-known and unknown masses, the latter are
determined through Eq. (5). The ESR acceptance corresponds to ∆(M/Q)/M/Q = ±1.5% [127]. This
acceptance is large enough to enable the same nuclide to be stored in several (up to three) atomic
charge states. Hence, its mass can be determined by comparing to different reference nuclides. To
profit from this redundant information, a special maximum likelihood procedure has been developed to
simultaneously analyze all measured data from one or several experiments [126].
To access shorter-lived nuclei, the combined application of the fast stochastic cooling followed by the
electron cooling can be used to reduce the cooling time for highly charged ions to a very few seconds.
This has been demonstrated in [128] on the example of the isomeric state in 207Tl which has a half-life
T1/2 = 1.33(11) s [129], see Figure 9. The disadvantage of this operation is that the stochastic cooling
cools the ions within a limited frequency bandwidth and heats those lying outside of it [30].
Conventionally, the mass spectrometry applied to electron cooled beams is called Schottky mass
spectrometry (SMS), getting part of the name from the Schottky-noise diagnostics employed to measure
the revolution frequencies of the stored ions, see Section 3.3. This, however, is no longer strictly true
since the cavity-based Schottky pick-ups were shown to be fast enough to operate also in the isochronous
mass spectrometry described below [130,131].
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Figure 9: (Colour online) The decay curve of the short lived isomeric state of 207mTl81+ as measured by
time-resolved Schottky mass spectrometry, see Section 6.2. Schottky frequency spectra of the A = 207
isobars, 207mTl81+, 207gTl81+ and 207Pb81+, are shown in the inserts for the beginning of the measurement
and at the end of the measurement, when the isomeric state nearly completely decayed. This measure-
ment is the result of the combined stochastic pre-cooling and electron cooling to address short-lived
nuclides. The figure is from [128].
Exotic nuclei are stored as low-intensity beams (often as just single particles) dependent on their
production cross-sections and transmission efficiency. Electron cooling of such beams leads to one-
dimensional crystalline beams with extremely small velocity spreads of the order ∆v/v = 10−7, see
Section 3.4. Typical mass resolving powers achieved in the SMS experiments were about 750000 and
the typical relative mass accuracies were about ∆M/M = (1− 5) · 10−7.
The clear advantage of the SMS measurements is the ultimate sensitivity to single stored ions.
One of the highlight experimental results is the measurement of the mass of 208Hg nuclide, which was
produced only once as a hydrogen-like 208Hg80+ ion within a two-weeks long experiment, and whose
mass was determined from this single event with merely 30 keV uncertainty [123]. Another advantage
is the large amount of different ion species that can be studied in a single experiment. About 300
masses were obtained for the first time with the SMS in merely 5 experiments [99, 126, 127, 132, 133],
see Figure 10.
In the latest experiment on neutron-rich 238U projectile fragments, the region between Pb and U was
addressed [132]. The existence of several new isotopes was unambiguously shown through their precision
mass measurement [134]. In addition to the ground states the masses, and thus the excitation energies,
of isomeric, metastable states of nuclei can be addressed. Several isomeric states were discovered at the
ESR [134,135].
The conventional SMS mass measurements are performed only at the FRS-ESR. The disadvantage
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Figure 10: (Colour online) Nuclidic chart illustrating the contribution of experiments at storage rings
to the present knowledge of nuclear masses and isomeric states as well as to radioactive decays of highly
charged ions. The experimental data on masses measured for the first time at the ESR and CSRe are
taken from [99, 126, 127, 132, 133, 144–153]. The first measurements were performed at the R3, but the
data analysis is still ongoing. We note that numerous improved values were also obtained which are
not shown here. However, especially on the neutron-rich side of the chart, the newly determined results
show dramatic differences to previously measured masses [101]. The experimentally known masses are
taken from the latest Atomic Mass Evaluation 2016 [154]. This figure is updated from the original chart
in [124] to include all data available to date.
of the technique with cooled beams is that the cooling process takes at least one second. On the one
hand, since most of the nuclides of interest today are shorter-lived, the application of the SMS for mass
measurements is limited. The area of neutron-rich nuclides in the lead region is one of the few remaining
regions on the chart of nuclides where it can still successfully be applied. On the other hand, the search
for long-lived isomeric states is probably the most promising future use of the SMS. Here, the sensitivity
of the SMS and the non-destructive nature of Schottky detection bring in unrivalled capabilities. For
instance, long-lived exotic isomeric states are expected in the A = 180 neutron-rich nuclides [136,137].
Production of the isomeric states of interest is one particle per hour/day or even week [138]. Taking
into account expected long lifetimes of the order of many minutes to days or even longer, the detection
of such exotic species is hardly possible with any other technique. The first experiments at the ESR
addressing 197Au projectile fragments led to the discovery of several such isomeric states, including the
exotic four-quasiparticle state in 186Hf [139,140]. In the future these measurements will be extended to
188Hf where an extremely long-lived isomer is predicted to exist.
Details on SMS measurements conducted at the ESR to date can be found in reviews [57, 124, 125,
141]. Nuclear masses obtained with SMS directly as well as with help of known energies of proton- or
α-decays are indicated in Figure 10 with dark blue color. From the performed experiments, only the
data on neutron-deficient 152Sm projectile fragments remain unpublished [142,143].
32
6.1.2 Isochronous mass spectrometry
The Isochronous Mass Spectrometry (IMS) is based on the tuning of the storage ring into the isochronous
ion-optical mode. The ions of interest are injected with energies corresponding to γ = γt, where γt is
the transition energy. The second term on the right hand side of Eq. (5) disappears (in first order).
A simplified understanding of the method is that the faster ion of a given ion species travels on an
orbit longer than the slower ion of the same species. As a result the velocity spread of the ions is
compensated by the lengths of their closed orbits. Hence, the revolution frequencies of the ions of same
ion species are the same and depend only on the M/Q ratio. This mode is characterized by large ring
dispersion functions. Since no cooling is required, the method can be applied to very short-lived nuclei.
In general, several ten revolutions (typically one revolution is ∼ 0.5 µs) should be sufficient to determine
the revolution frequency (revolution time). Since the masses of nuclides decaying via strong interaction
(α-, proton-, etc. -decays, fission) are typically addressed by dedicated spectroscopic methods, the main
goal is to measure β-decaying exotic nuclei, whose characteristic lifetimes are in the millisecond range.
This is the main strength of the IMS, that it can be applied to all nuclides in between the proton and
neutron driplines. As compared to the SMS, the ESR acceptance in the isochronous mode corresponds
to ∆(M/Q)/M/Q = ±7%. The isochronous mode is characterized by the so-called isochronicity curve,
which illustrates the behaviour of γt versus the magnetic rigidity of the ring. Ideally, the isochronicity
curve should be flat with γt = const across the ring aperture. In reality, however, it has a complicated
shape which reflects the inhomogeneities and higher order magnetic fields. The isochronicity curve for
primary 238U91+ ions measured in the ESR is illustrated in the left panel of Figure 11.
The IMS was proposed [155] and experimentally verified at the ESR [156,157] and is now routinely
applied also at the CSRe and the R3. The masses measured so far with this technique are indicated in
Figure 10 with red color.
The revolution frequencies are conventionally measured by dedicated Time-of-Flight (ToF) detectors
[158–160]. The ToF detector is based on the detection of secondary electrons emitted from a thin foil by
passing through it swift ions. Typical thicknesses of the employed foils are in the order of a few µg/cm2.
Such very thin foils enable several hundreds of revolutions of the ions. At each turn the ions loose some
energy and finally leave the momentum acceptance of the ring. This means that the ions slowly change
their orbits and thus probe a considerable part of the isochronicity curve. The secondary electrons
released from the foil are guided by perpendicularly arranged electric and weak magnetic field to a set
of microchannel plates (MCP), see the insert in Figure 13. The electrons from the MCP are collected on
the anode which is directly connected to the input of a fast oscilloscope without any intermediate signal
manipulations. The signal from the MCP is continuously sampled for a few hundreds microseconds
triggered at each injection of fresh ions into the ring. Such an arrangement allows the extraction of
time stamps with the highest time resolution. The amplitudes of the signals depend on the Q of the ions
and may be used to separate events from nuclear species with very close M/Q values, which otherwise
cannot be resolved by their times of flight [161]. In the offline analysis the obtained time stamps are
assigned to individual ions [162]. The revolution time of each ion is obtained as a slope of the fit
of these time stamps versus revolution number. Such a fit is typically a polynomial function which
takes into account that the isochronicity curve is not strictly constant. The extracted revolution times
are put together into a histogram forming the revolution time spectrum. An example of a revolution
time spectrum is illustrated in Figure 12 for the case of mass measurement of 112Sn projectiles in the
CSRe [152].
The small injection acceptance of the ring allows for probing the momentum distribution of the
fragment beam in front of the ring. For instance, by comparing the isomeric ratios of 53Co and 53Fe
in the ESR and CSRe produced in fragmentation reactions of different projectiles conclusions could be
drawn on the angular momentum population [166] as well as on the constancy of the isomeric ratio for
different longitudinal momenta [167]. The measured odd-even staggering of fragment yields allowed for
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Figure 11: (Colour online) (left) Isochronicity curve of the ESR. The ESR was tuned into isochronous
mode for primary 238U91+ ions which have M/Q = 2.615. The velocity of the beam (magnetic rigidity)
was changed by changing the voltage applied to accelerate electrons in the electron cooler. The frequency
of the beam (revolution time) was measured with the SMS. The curves for other M/Q ratios were
transformed from the measured one by assuming that the particles with the same magnetic rigidity must
have the same orbit length in the ESR. The grey band indicates a selected Bρ window of ∆(Bρ)/(Bρ) =
1.5 ·10−4, see text. Adopted from [163]. (right) Standard deviations of the revolution time distributions
for different neutron-deficient 58Ni projectile fragments measured in the CSRe. The widths depend
strongly on the mean revolution time, which is directly related to the magnetic rigidity. Taken from [164].
Figure 12: (Colour online) Revolution time spectrum of 112Sn projectiles measured in the CSRe. Figure
illustrates a part of the spectrum published in [152].
constraining theoretical reaction models [168,169].
As can be seen in the left panel of Figure 11, the isochronicity curve changes with changing M/Q
ratio of the ions. This is due to the fact that the magnetic rigidity Bρ at the injection into the ring is
fixed and the injection acceptance is much smaller than the beam emittance. In this case the ESR is
tuned to be isochronous for the primary 238U91+ ions with M/Qi = 2.615. With increasing difference
M/Q−M/Qi also the difference |γ− γt| increases and, hence, the isochronous condition, see Eq. (5), is
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Figure 13: (Colour online) Schematic illustration of the arrangement with two ToF detectors in the
CSRe [165].
no longer fulfilled. This is reflected by increased widths of the measured revolution time distributions
as, for example, shown in the right panel of Figure 11 for 58Ni projectile fragments measured in the
CSRe [164]. The minimal width translates into the maximal mass resolving power. The measured
systematics of the widths is well understood and was reproduced in simulations [170,171]. Typically, in
the analyses of ESR and CSRe data only a part of spectrum was analyzed where the widths were below
about 2 ps. It is clear that a big portion of measured data cannot be used. It has been realized that an
additional measurement of the velocity or magnetic rigidity of each ion would allow for correcting the
effect of the non-isochronicity [172]. At the ESR it has been realized by collimating the beam in the
FRS [173]. The beam emittance was reduced by a set of slits to ∆(Bρ)/(Bρ) = 1.5 · 10−4, see the gray
band in the left panel of Figure 11. Indeed, the resolving power was significantly increased, though at
a cost of dramatically reduced transmission. Another proposed solution is to install two ToF detectors
in the straight section of the ring. Since the distance between the detectors can be measured with high
precision [174], the difference of time signals for the same ion provides directly its velocity. Due to space
restrictions, it is not feasible to install two ToF detectors in the ESR. Such a setup is foreseen in the
CR where it has been considered from the very beginning of the ring design. The development of this
setup is pursued by the ILIMA Collaboration [130] within the NuSTAR pillar [175] of the future FAIR
project [176,177]. Two ToF detectors were recently installed at the CSRe [178], which boosted the mass
resolving power and thus the precision of mass determination. The first experiments addressing neutron-
deficient 78Kr [165] and neutron-rich 86Kr projectile fragments were performed and data analysis is in
progress. In addition to nuclear mass measurements, the information from two ToF detectors can be
used for accelerator-based investigations of the CSRe, see, for example, [179,180].
Another way to obtain information on magnetic rigidity of each ion is based on transversely-sensitive
Schottky-noise diagnostics [181, 182]. The design of such a cavity has been completed [183]. However,
no such device was installed in any operational ring to date.
6.2 Nuclear lifetime spectroscopy
Investigations of radioactive decays of highly charged ions was among the motivations for the construc-
tion of the ESR [184]. These studies are based on the capability of a ring to store, cool and keep
radioactive particles in a defined high atomic charge state for a long period of time. Measurements of
decay rates of highly charged ions were planned to be performed in Super-EBITs [185]. However, ions
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in an EBIT have a distribution of charge states, which prevents precision experiments where the control
of the charge state is essential. Since recently there are proposals for lifetime studies of highly charged
ions in Penning traps [186–188]. As of today, apart from in-flight measurements on very short-lived
nuclides, see, for example, [189–191], extensive studies of radioactive decays, especially the weak decays,
of highly charged ions is done in heavy-ion storage rings. Interest in such investigations is manyfold.
Highly charged ions enable studies of the influence of bound electrons on the radioactive decays, which
are complicated in neutral atoms due to complex interactions of many electrons in the atomic shell.
Especially interesting are fully-ionized or heavy hydrogen-like ions, which represent clean quantum-
mechanical systems in the initial and final states. On the one hand, it is obvious that decay channels
involving bound electrons are disabled in fully-ionised atoms [192,193]. On the other hand, new decay
modes–strongly suppressed or disabled in neutral atoms–can open up if bound electrons are removed.
Another motivation for such studies are the nucleosynthesis processes in stars, where the involved nu-
clides are usually highly-charged due to high temperatures and high densities of the corresponding
environments. For instance, in the s-process along the valley of β stability the mean “temperature”
(kT ) amounts to about 30 keV and in the explosive r-process it approaches 100 keV [194].
Decay studies of highly charged ions are routinely performed at the ESR. First measurements were
conducted in the CSRe [195]. Storage rings were intensively used to investigate electromagnetic transi-
tions and first studies of α-decays were performed [196]. Extensive reviews on the ESR measurements
exist [120, 124, 197, 198]. Here, only a brief introduction of the main concepts is given. The discussion
is restricted to the newest developments in the studies of electroweak decays. As discussed in Section 6
and reflected by Eq. (5), the revolution frequencies depend on the M/Q ratio of the ions. In the decay
the mass-over-charge ratio changes, which inevitably leads to a change of the revolution frequency in
the ring between parent and daughter ions. In the case the frequencies of both, the parent and the
daughter, ions lie within the storage acceptance of the ring, they can be addressed by the time-resolved
non-destructive Schottky spectrometry [199]. If the trajectories of the daughter ions lie outside of
the ring acceptance, they can be blocked by particle detectors, typically after the first dipole magnets
downstream long straight sections, see Section 3.3. The beam of parent ions continues to circulate
undisturbed on the central orbit and its intensity is measured with the Schottky diagnosis or a current
transformer, while the daughter ions are intercepted and counted by the detectors. In both cases a
redundant measurement is achieved in which the decay curve of the parent ions and the growth curve
of the daughter ions are simultaneously measured.
6.2.1 Two-body weak decays of highly charged ions
So far all experimental studies of weak decays of highly charged ions were conducted in the ESR. Various
β-decay channels can be summarized by using p, n, e−, e+ and νe, which indicate the proton, neutron,
electron, positron and electron neutrino, respectively
p+ e−b → n+ νe orbital electron capture (EC), two-body decay; (9)
p→ n+ e+ + νe continuum β+ decay (β+c ), three-body decay; (10)
n→ p+ e− + ν¯e continuum β− decay (β−c ), three-body decay; (11)
n+ νe → p+ e−b bound-state β-decay (β−b ), two-body decay, (12)
where two- and three-body decays indicate the number of particles in the final state.
Beta-decays proceed along isobaric chains and the mass number A remains unchanged. From the
experimental point of view, the decays above can be subdivided in two categories. In the three-body
decays (10) and (11) the charge changes by one, whereas in the two-beta decays (9) and (12), the charge
state is not altered. This means that in the former case the orbits of the daughter ions in the ring and
correspondingly their revolution frequencies change significantly as compared to the ones of the parent
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Figure 14: (Colour online) Schematic view of two-body beta decays. (Left) Orbital electron capture,
see Eq. (9), in which the bound electron is captured by the nucleus transforming one of its protons
into a neutron. The monochromatic electron neutrino is emitted. (Right) the bound-state beta decay,
see Eq. (12), in which one neutron in a nucleus decays into proton and a bound electron. The (quasi)
monochromatic electron antineutrino is emitted. An electron can be created on K, L, M, etc. atomic
shells which affects the final antineutrino energy. The probabilities for different orbitals scale as 1/n3,
where n is the main quantum number [200]. Taken from [197].
ions. In the latter case, the orbits and the revolution frequencies of both, parent and daughter, ions
remain nearly unchanged and the frequency change directly reflects the decay Q-value.
In the last years, the main focus was given to studies of two-body beta decays. The two-body beta
decays are connected by time-reversal symmetry, see Figure 14.
Being proposed in 1947 [201] the bound-state beta decay, β−b , remained undiscovered until the
corresponding experiments in the ESR were conducted. In particular in nuclear astrophysics this decay
mode turns out to be important [202–205]. The first experimental verification of the existence of β−b
decay was shown on the case of stored fully-ionzed 163Dy66+ ions [206]. Neutral 163Dy are stable [129].
However, when stripped off all bound electrons, the bare 163Dy nuclei decay with the half-life of merely
T1/2 = 47
+5
−4 days. This result allowed for determining the conditions during the astrophysical s-process
nucleosynthesis [207] as well as provided constraints on the electron neutrino mass [206].
Neutral 187Re atoms have long half-life of T1/2 = 43.3(7) Gy [129], which was the reason to consider
the pair of isobars 187Re/187Os as a possible system for the model-independent determination of the
mean age of the Universe [208]. However, the measured in the ESR half-life of fully-ionized 187Re75+
nuclei T1/2 = 32.9(20) y [209] is by 9 orders of magnitude shorter. This result made such determination
impossible without the knowledge of the charge state of 187Re throughout the galactic history. Still, by
employing cosmochemical models a reasonable age of the Galaxy of TG = 14(2) Gy could be obtained
[210].
In both above cases only the β−b decay channel was open, whereas in
207Tl both, β−b and the three-
body β−c decays were measured in the ESR [211]. This allowed for the first time to extract the ratio
of the two- and three-body β− decay probabilities and to compare it with well-understood ratios for
β+ decay, EC/β+c . For
207Tl such comparison showed a very good agreement with a theoretical result
obtained by assuming allowed transitions. However, for the case of 205Hg the theoretical value is about
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25% smaller than the one measured in the ESR [212].
From the cases proposed for the ESR studies of the bound-state beta decay only 205Tl remains [213].
205Tl atoms are stable [129] and the bare 205Tl81+ nuclei are expected to decay with T1/2 ≈ 120 d [205].
The experiment was proposed in 1980s [184, 214, 215] but could not be conducted up to now due to
insufficient primary beam intensities. It is now scheduled at the ESR for Spring 2020. The half-life
of 205Tl81+ is important to obtain the Solar neutrino capture cross-section, which in turn may be used
for the determination of the integral Solar neutrino flux. For this purpose, lorandite mineral from the
Alchar ore deposit has been suggested as a geological detector [216]. The age of this mineral is 4.31(2)
My [217]. Furthermore, the half-life of 205Tl81+ is needed to constrain the very end of the s-process
nucleosynthesis, namely to determine the destruction rate of 205Pb [218].
Different from the β− decay, where the two-body decay probability increases with increasing the
number of electron vacancies, the probability of the two-body weak decay on the neutron-deficient side
of the nuclidic chart, the orbital electron capture (EC), reduces when the number of bound electrons is
reduced [200, 219]. In the limiting case of bare nuclei the EC decay is just disabled [193]. Interesting
results were obtained in experiments on H- and He-like ions in the ESR. It was found that the EC-
rate in H-like 140Pr58+ and 142Pm60+ ions is by 50% larger than in the corresponding He-like 140Pr57+
and 142Pm59+ ions [220, 221], though the number of bound electrons is reduced from two in He-like
ions to just one in H-like ions. This effect was later confirmed also for the case of the EC decay rate
of H- and He-like 122I ions [222]. This counterintuitive result was explained by taking into account
the defined helicity of the emitted electron neutrinos and the conservation of the total (nucleus plus
leptons) angular momentum [223–225]. Furthermore, the explanation requires that the electron-cooled
hydrogen-like ions are present in the ESR in the ground hyperfine state. According to the theoretical
model, the EC decay probability depends strongly on the spin-parities of the initial and final states. To
confirm the theoretical interpretation, several experiments were proposed. Similar to the cases of 140Pr
and 142Pm, 64Cu decays to 64Ni via an allowed 1+ → 0+ Gamow-Teller EC-decay [129]. However, the
magnetic moment of 64Cu is negative, which leads to the inverted order of hyperfine states. It is expected
that, if all ions are indeed stored only in the ground hyperfine state, there is no allowed EC rate in
H-like 64Cu28+ [226]. In 111Sn, the decay to 111In is dominated by a single transition 7/2+ → 9/2+ [129].
If stored in the ground hyperfine state, the total angular momentum of the initial state is Fi = 3. Since,
it is not possible to form Ff = 3 in the final state, the transition is not allowed and the stored in the
ring H-like 111Sn must have a significantly longer half-life than the one known in neutral atoms [227]. If
confirmed in future experiments, the variation of EC decay rates in H-like ions in comparison to the rate
in neutral atoms can be used, e.g. to determine signs of nuclear magnetic moments, electron screening
in β-decay, etc. Interesting effects are also expected for the EC decay of Li-like ions [228].
The development of extremely sensitive non-destructive Schottky-noise diagnostics in the ESR,
see Section 3.3, enabled the development of the so-called Single-Particle-Decay Spectroscopy. In this
method, only a few particles are stored in the ring and their individual decays are unambiguously ob-
served. An example of the decays of single stored ions is shown in Figure 15. By employing this method
to investigate the two-body EC decay of H-like 140Pr58+ and 142Pm60+ ions, a surprising observation
was made that a 7 s modulation is superimposed on the exponential decay curve [230]. This observation
caused an intensive controversial discussion in literature, see, e.g. [224, 231–238] and references cited
therein. Several attempts were performed to investigate the observed effect. Different mass numbers,
charge states as well as different decay modes for ions were chosen in different experiments at the ESR.
However, except for the case of hydrogen-like 122I52+ ions [239–242], no statistically significant mod-
ulated decays could be observed. Also in the case of 122I52+ the signal-to-noise characteristics of the
obtained spectra had questioned the overall quality of the measured data. This resulted that different
data analyses did not converge and the final experimental results remained unpublished. The repeated
experiment on EC decay of hydrogen-like 142Pm60+ ions did not confirm the original modulation pa-
rameters [243]. However, instability of the injection scheme into the ESR might have been present,
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Figure 15: (Colour online) Measured in the ESR traces of hydrogen-like 142Pm60+ and fully-ionized
142Nd60+ ions. The time runs from bottom to top. The ions are injected from the FRS at time t = 0
s. The first few seconds are needed for the combined stochastic and electron cooling. The traces of the
individual ions are clearly seen. At time t ∼ 15 s, one of the 142Pm60+ ions decays via orbital electron
capture to the 142Nd60+ ion. The latter disappears at t ∼ 30 s. Since 142Nd is stable, the disappearance
is due to atomic charge exchange reactions on the residual gas or recombination in the electron cooler
of the ESR. Taken from [229].
which could affect the experimental results. Therefore, the experiment on 142Pm60+ ions was repeated
again in 2014 under the conditions that the experimental parameters shall be set as close to the original
experiment in [230] as possible. The details on this new experiment can be found in [229]. The results
of the automatic and visual manual analyses of more than 9000 individual EC decays are illustrated
in Figure 16. If a modulation superimposed on the exponential decay curve is assumed, the best fit
gives a modulation amplitude of merely 0.019(15), which is compatible with zero and by 4.9 standard
deviations smaller than in the original observation which had an amplitude of 0.23(4) [230]. With this
result, it can be concluded that the existence of the modulation in hydrogen-like 142Pm is excluded [229].
If there is a future research on this topic, it would be interesting to verify the existence of 7-s modulated
EC decays in 140Pr58+ ions.
6.3 In-ring nuclear reaction studies
Employing a storage ring for in-ring reaction studies has several distinct advantages as compared to
single-path fixed-target experiments [244–246]. First of all it is tempting to recycle the rare ion species
which inevitably have small production yields. On the one hand, very thin internal targets have to be
39
10 20 30 40 50 60
time after injection (s)
0
50
100
150
200
n
u
m
b
e
r 
o
f 
d
e
c
a
y
s
/0
.6
3
 s
10 20 30 40 50 60
time after injection (s)
0
50
100
150
200
n
u
m
b
e
r 
o
f 
d
e
c
a
y
s
/0
.6
3
 s
Figure 16: (Colour online) (Left) Number of EC-decays per 0.63 s as determined in the automatic
analysis (8839 EC decays in total). The data points are fitted with a pure exponential function (solid
line). (Right) Same as (Left) but for a manual visual analysis (9001 EC decays in total). Taken
from [229].
used which are orders of magnitude thinner than fixed solid targets. Here, the high revolution frequencies
of the ions in the order of hundreds of kHz allow for reaching relatively high luminosities, though still
smaller than in the fixed-target cases. On the other hand, thin targets allow low-energy recoils to leave
the target undisturbed, thus enabling reaction studies at extremely low momentum transfers. The
cooled beams have small transverse size and high momentum definition, which, combined with small
size of the target, allows for determining the interaction point with high precision and thus very high
angular and energy resolution can be achieved. Another essential feature of the in-ring reaction studies
is very high detection efficiency and extremely low background conditions. The gaseous or liquid target
is of high purity. The target is windowless and the background contributions arising from reactions on
window material, which are sometimes dominant, are just disabled.
6.3.1 Nuclear reaction studies at medium/high energies
Light-ion induced direct reactions, like for example elastic and inelastic scattering, transfer, charge-
exchange, or knock-out reactions, have been shown in the past, for the case of stable nuclei, to be
powerful tools for obtaining nuclear structure information [247–249]. Since no targets can be produced
out of short-lived nuclei, the reactions on the latter are performed in inverse kinematics, where the
beam of exotic nuclei is brought into interaction with a low-Z target. In the case of proton targets,
either polyethylene foils, complicated cryogenically cooled solid [250] or a gas filled cell [251, 252] are
commonly used. Especially the domain of the low-momentum transfer, if measured with high resolution,
brings a wealth of essential nuclear structure information. It turns out that such measurements at low-
momentum transfer, which are highly complicated to address in fixed target experiments, are very well
suited for being conducted in the storage ring environment, where even very slow target-like recoil
particles can be detected. We emphasize, that such experiments are only possible due to versatile
machine capabilities and especially the ability to efficiently accumulate and cool rare ion beams [246,
253], see Sections 3.6 and 3.1.
First studies of elastic proton scattering on stable as well as unstable stored beams were attempted at
the ESR in the early 1990s [257]. However, the low luminosities and technologies available at that time
did not allow for a successful measurement. In the recent years a new state-of-the-art setup for reaction
studies has been implemented at the ESR [256,258]. It is illustrated in Figure 17. The development of
this versatile setup for reaction studies is pursued by the EXL collaboration [259] within the NuSTAR
40
!
Figure 17: (Colour online) Schematic view of the reaction setup implemented at the ESR for detection
of low-momentum target-like recoils. The beam circulates in the ESR with about MHz frequency
and crosses the internal gas-jet target. To further define the interaction point, a special aperture is
introduced. DSSD stands for double-sided silicon strip detector, which is used as an active vacuum
window [254] to separate ultra-high vacuum of the ring and the auxiliary vacuum in which the Si(Li)
detectors are placed. Two telescope detector arms, see text for more details, cover the laboratory angles
of 73◦ < θlab < 88◦ (DSSD1), and 27◦ < θlab < 38◦ (DSSD2), respectively [255]. The detailed assembly
of the telescope is also shown. The tubes for active water cooling of the detectors during the bake-out
of the ring are indicated in orange colour. The figure is adopted from [256].
pillar [175] of the future FAIR project [176,177]. The ultra-high vacuum compatible scattering chamber
was installed at the gas-jet target position of the ESR. The stored beam circulated with a high frequency
in excess of 1 MHz and interacted with the gas target. At that time, the radial extension of the gas-
target was about 5 mm (FWHM). Therefore, in order to increase the angular resolution a moveable
aperture with piezoelectric drives was placed directly into the ultra-high vacuum [255].
The two telescope arms shown in Figure 17 cover the laboratory angles 73◦ < θlab < 88◦ and
27◦ < θlab < 38◦ [255]. To be able to detect low-energy recoils it is essential to minimize dead layers and
avoid windows. Therefore, the double-sided silicon strip detectors (DSSD) are used as active windows
to separate the ultra-high vacuum of the ESR and the auxiliary vacuum [254]. All sensitive components
which cannot be heated during the bake-out procedure were placed into the auxiliary vacuum. The
whole setup was actively cooled during the bake-out process and operation. With this technical solution
the vacuum pressure of 2·10−10 mbar on the ring side and 7·10−8 mbar on the auxiliary side was reached.
For the envisioned reaction studies, the detectors have to be able to cover a large energy range of
target-like recoils of several tens of MeV. If taking proton elastic scattering 56Ni(p, p)56Ni at 400 MeV/u
as an example, the energies of recoiling protons increase from zero to 65 MeV at laboratory angles of
90◦ and 75◦, respectively [260,261]. The DSSD detectors are used to measure recoils with low energies
of up to a few MeV. Each detector has an active area of (6× 6) cm2 and has 128 strips (0.5 mm width)
on the front side and 64 strips oriented perpendicularly (1 mm width) on the rear side. To measure the
recoils with higher energies, each telescope also contains two segmented 6.5 mm thick Si(Li) detectors.
More details on the technical realization of this detector setup can be found in [255].
In addition, to the setup at the gas-jet, there was a set of six PIN-diodes (10 × 10 mm2 each),
installed into the ultra-high vacuum of the ESR about 8 m downstream the target [262]. They were
used to detect the beam-like reaction products in coincidence with the events detected by the telescopes.
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Figure 18: (Colour online) Distribution (preliminary) of proton recoils from reaction 56Ni+p measured
by the telescope detector (DSSD1) in Figure 17. The recoils corresponding to the elastic scattering
(leaving 56Ni in the ground state) and the ones corresponding to the excitation of the first 2+ state in
56Ni at 2.7 MeV are indicated. The obtained angular resolution was only possible by using the aperture,
see Figure 17. The low energies up to about 8 MeV are covered by the DSSD, the energies up to about
35 MeV are covered by the DSSD and the first Si(Li) detector. To measure higher energies all three
detectors were required. Adopted from [260].
So far only one experimental campaign has been conducted with this reaction setup. Proton scatter-
ing on radioactive 56Ni beams was investigated [256,260,261]. A 56Ni beam with an intensity of about
7 · 104 particles per spill was produced by fragmentation of 58Ni projectiles in the FRS. A stacking
scheme was applied in the ESR which included the stochastic pre-cooling at 400 MeV/u, bunching, and
stacking of several ten 56Ni pulses [253]. Finally the intensity of about 5 · 106 56Ni ions was accumu-
lated. Assuming the average density of the H2 target of about 2 · 1013 atoms/cm2, luminosity of about
2 · 1026 cm−2·s−1 was reached. A preliminary measured distribution of recoiling protons on the DSSD1
is illustrated in Figure 18 [260]. The detection of protons with energies up to about 8 MeV is done
with DSSD1, see Figure 17. The measurement of higher energies of up to about 35 MeV required the
first Si(Li) detector and for even higher energies the summed energy signal from all three detectors has
been used. The elastic scattering data were obtained for a relatively large angular range, covering the
region from small angles up to the second scattering minimum. The final results, including also the
discussion on the nuclear matter distribution, can be found in [263,264]. It should be pointed out that
this experiment was, even on a world-wide scale, the first of this kind performed with a radioactive
beam.
Furthermore, α-scattering on much more intense, stable 58Ni beam stored and cooled at 100 MeV/u
has been successfully studied [261,265–267]. The intention was to identify very low energy (200-300 keV)
4He recoils from the excitation of the isoscalar giant monopole resonance in 58Ni with the DSSD2 placed
at forward angles. The results showed that the monopole contribution exhausts 79+12% of the energy-
weighted sum rule (EWSR), which agrees with measurements performed in normal kinematics [266].
Also, the nuclear matter radius of 58Ni was determined [267].
Very recently, a dedicated setup for reaction studies has been developed at the CSRe [268]. There, a
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UHV-SSD
(c)
Figure 19: (Colour online) The reaction setup at the CSRe in Lanzhou. (Left) The detailed sketch of
the reaction setup at the gas-jet target. An additional SSD detector will be mounted in the free CF100
flange at 35◦ degrees. (Right) The photograph of the employed SSD detector which is placed directly
into the ultra-high vacuum of the CSRe. Adopted from [268].
single-sided silicon strip detector, SSD, with a thickness of 300 µm was mounted at the internal gas jet
chamber, see Figure 19. The present detector has merely 16 strips with about 3 mm width, the active
size of (48×48) mm2, and covers the angles in the laboratory frame from 85◦ to 90◦. The SSD was placed
at a distance of about 50 cm from the interaction point which somewhat compensated for the small
number of strips. The first reaction investigated with this setup was proton elastic scattering on stable
medium-charged 58Ni19+ ions stored and cooled at 95 MeV/u [269]. At the flange at 35◦ in the laboratory
frame, see Figure 19, a Si(Li) detector was mounted. This detector was employed for measuring X-rays
from the (atomic) ionization reaction in the target. The measured X-rays corresponding to electron
capture onto K-shell (K-REC) were taken for luminosity determination. As a result, the measured
differential cross-sections on the SSD are normalized by the measured K-REC X-rays. Such atomic
cross-sections can reliably be calculated with dedicated state-of-the-art codes. In this particular case
of medium-charged ions, the Relativistic Ionization CODE (RICODE) has been employed. It is based
on the relativistic Born approximation [270] and is a further development of the LOSS and LOSS-R
codes [271]. The RICODE has widely been applied to predict the single-electron loss cross sections for
collisions of heavy many-electron ions with neutral atoms in the relativistic energy region [272, 273].
The new results on proton elastic scattering were found to be in a good agreement with theoretical
calculations by using global phenomenological optical model potentials.
In the future, the detection setup at the CSRe will be further extended by adding new detectors and
by covering a larger solid angle. For the next series of experiments planned at the ESR an upgraded
detector setup including 10-20 telescope arms, and thus covering a considerably larger angular range,
is presently under consideration by the EXL collaboration. The full potential of this new technique
applied to short-lived nuclei far off stability will only be available once the experimental conditions
provided by the future FAIR facility with high intensity exotic beams from the new fragment separator
Super-FRS [88] have been realised [274,275].
The last example of so far accomplished reaction studies at medium/high energies relates to the
proof-of-principle experiment at the ESR to study the 15O(α, γ)19Ne reaction. This reaction has an as-
trophysical application in X-ray busters. Such stellar events are generated by thermonuclear explosions
in the atmosphere of an accreting neutron star in a close binary system [276]. In between the bursts,
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Figure 20: (Colour online) The scheme of the experiment at the ESR to study 20Ne(p, d)19Ne∗ reaction
and the decay of the 4.033 MeV excited state in 19Ne. The stored and cooled 20Ne10+ beam interacts
with H2 gas target. The deuterons emitted in the (p, d) reaction are detected by the DSSD telescope
in the pocket placed about 50 cm downstream the target. The excited states in 19Ne∗ decay either
by emitting α-particle producing 15O daughter ions or through γ-de-excitation resulting in 19Ne in the
ground state. The daughter ions are detected by the PIN-diode detector placed about 8 m downstream
the target on the opposite ring side of the DSSD telescope. The PIN diode is the same as used in the
scattering experiments on Ni ions [262]. Adopted from [124].
energy is generated at a constant rate by the hot CNO cycle driven by the in-flow of hydrogen and
helium material from the less evolved companion star. It is uncertain how the transition occurs from
the hot CNO cycle to the rapid proton-capture nucleosynthesis process, rp-process, which produces
elements possibly up to the tin-antimonium region [277]. The 15O(α, γ)19Ne reaction is considered to
be the most probable candidate for the breakout from the CNO cycle. However, to address this reaction
in a direct kinematics and in the relevant energy region turned out to be very complicated [278]. This
is a resonant reaction, in which the key resonance is at Er = 504 keV, corresponding to a 3/2
+ state
at an excitation energy of 4.033 MeV in 19Ne. This state in 19Ne decays predominantly by γ-decay.
A very weak α-decay branch of about 10−4 was predicted to exist [279]. It was the goal to verify this
prediction in experiment.
Fully-ionized 20Ne10+ atoms were stored and cooled in the ESR at 50 MeV/u [280]. The population
of the key 4.033 MeV state in 19Ne was done via the (p, d) direct reaction by employing hydrogen gas-jet
target with 1013 atoms/cm2 density. Energetic deuterons emitted in the reaction were identified using
two DSSDs, arranged as a ∆E −E telescope. The detector was placed into a specially constructed de-
tector pocket on the inner side of the ESR about 50 cm downstream the interaction point, see Figure 20.
The segmentation of the DSSD allowed for the determination of the emission angle. Excitation energy
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spectra were reconstructed by gating on deuteron events in the particle identification spectra. A good
energy resolution of about 260 keV could be estimated from the FWHM of the 2.795 MeV peak, which
is known to be a singlet. The decay products of the 19Ne∗ ions, 19Ne10+ or 15O8+ ions, after α-decay,
were detected with a PIN-diode detector [262] at about 8 m downstream the interaction point. The
same PIN-diode detector as described above was used here. In an ideal case, for each detected deuteron
corresponding to the populated 4.033 MeV state in 19Ne∗, a 19Ne10+ or 15O8+ ion shall be detected in
coincidence. For higher energy states in 19Ne∗, 15O8+ ions were successfully detected in coincidence with
deuterons. However, the duration of the experiment, of a few hours only, was too short to investigate
the very weak branch of interest. This was the first transfer reaction ever measured in the ESR. The
performed proof-of-principle experiment shows that the proposed approach to study the 15O(α, γ)19Ne
is feasible. In a real experiment, though, the more efficient reaction to produce the key astrophysical
resonance in 19Ne, namely the 21Ne(p, t)19Ne shall be used [281].
6.3.2 Nuclear reaction studies at beam energies of 10 MeV/u and below
Whereas the techniques for nuclear reaction studies at medium/high energies are meanwhile well devel-
oped, addressing nuclear reactions at low energies remains a challenge.
The main motivation driving such studies so far were astrophysical nucleosynthesis processes, where
the relevant energies for nuclear reactions are determined by the corresponding Gamow windows. Nu-
cleosynthesis processes involve radioactive, often very short-lived, nuclides. Various reactions are of
interest for different processes and are being considered for future studies. As of today, only two
experiments were performed at the ESR, both aiming at proton capture reactions for the p-process nu-
cleosynthesis. The p-process is believed to happen in the explosive burning O/Ne layers in the type-II
Supernovae and the explosive carbon burning in the type-Ia Supernovae, which can be characterised by
high temperatures of 2− 3 GK and densities of about 106 g/cm3 [282,283]. The process involves about
2000 nuclei connected by more than 20000 reactions, mainly (γ, n), (γ, p) or (γ, α).
Both experiments were conducted on stable beams and can thus be seen as proof-of-principle ex-
periments. Beams of fully ionized 94Ru44+ and 124Xe54+ ions were produced at high energies of above
100 MeV/u by stripping all bound electrons in 11 mg/cm2 carbon foil. They were decelerated in the
ESR, cooled and brought into interaction with the H2 gas-jet target. The reaction kinematics of proton-
capture, (p, γ), reactions on heavy ion beams gives rise to a narrow, beam-like cone of heavy reaction
products, caused by the negligible momentum transfer to the prompt γ ray [284]. In the nuclear re-
action, the daughter recoils have the charge (Q + 1) as compared to the charge of the primary beam
(Q). After separation of the heavy recoils from the primary beam in a dipole magnet, an efficient
interception of the heavy recoils by using suitable particle detectors is possible. It can be shown, that
due to momentum conservation, if a primary beam particle has a bound electron and looses it in an
atomic reaction in the target, its trajectory is basically the same as the one of the nuclear recoils of
interest. Therefore, a prerequisite of this experimental scheme is the absence of beam particles being
further ionized (Q+ 1) in the target, which is ensured through using fully ionized primary beams. This
is done at the cost of a lengthy deceleration process but offers clean experimental conditions.
The deceleration of ion beams in the ESR, see Section 3.7, is routinely done for fast extraction
to the HITRAP setup. However, in-ring experiments at lowest ESR energies were never done before
and required dedicated machine studies. In the first experiment in 2009 [285, 286], the cross-section of
94Ru(p, γ)95Rh reaction could be measured for 94Ru44+ ions stored at 11, 10 and 9 MeV/u [285]. These
energies correspond to center of mass energies of ECM = 10.971, 9.973 and 8.976 MeV, respectively.
About 5 ·106 96Ru44+ ions were stored and cooled at the final energy. Taking into account the revolution
frequency of about 500 kHz and the thickness of the H2 target of about 10
13 atoms/cm2, luminosity of
about 2.5 ·1025 cm−2·s−1 was achieved. The main reaction channel in the target was the atomic electron
pick-up (REC) from the target atoms which is accompanied by an emission of an X-ray [59]. As a
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Figure 21: (Colour online) Photograph of the ultra-high vacuum capable DSSD detectors employed
for proton capture reaction studies in the ESR. The detector is made of low outgassing materials, is
bake-able and is placed directly into the ESR vacuum environment. In this configuration two DSSDs
are mounted onto the detector frame. Please note the arrangement of the cables around the opening
required for the stored beam to freely pass the detector. In the 124Xe(p, γ) experiment, the assembly
with a single DSSD was used, see Figure 22. Adopted from [287].
result, the charge state of 96Ru ions is changed from 44+ to 43+ and the 96Ru43+ ions can be detected
by particle detectors inside the first dipole magnet downstream the gas-jet target (see Figure 7). Since
the K-shell REC cross sections are known to a very few percent, the X-rays detected in coincidence
with 96Ru43+ ions provide an in situ measurement of the luminosity. The covered energies are much
higher than the Gamow window of the p-process. Also, these energies are above the (p, n) reaction
threshold. The nuclear reaction products of (p, γ), (p, n) and (p, α) reactions, the 97Rh45+, 96Rh45+ and
93Tc43+ ions, respectively, were bent to inside orbits by the dipole magnet and are detected by position
sensitive DSSDs. The DSSDs were installed in air in vacuum pockets separated from the ring vacuum by
25 µm stainless steel windows. To extract the cross-sections of interest, deconvolution of several reaction
channels in measured spectra was required. The measured 96Ru(p, γ)95Rh cross-sections at 8.976, 9.973,
10.971 MeV were determined to be 8.28+2.58−2.76, 7.83(2.13), and 9.13
+2.59
−2.94 mbar, respectively. We note that
the energy range below the neutron-emission threshold is probably most interesting for constraining
theoretical calculations since there the proton width is typically the most sensitive contribution.
On the one hand, the feasibility of such studies and a reliable operation of the ESR have been shown.
On the other hand, the DSSDs employed at that time were placed in air behind a stainless steel window.
Heavy recoils with energies below 9 MeV/u were stopped before reaching the detector. Therefore, to
continue this research program, special ultra-high vacuum compatible DSSDs have been designed. The
detectors were made of materials that provide low outgassing rates. The employed silicon wafer is 0.5
mm thick and its active area is 50×50 mm2 with both sides perpendicularly segmented into 16 strip. For
heavy ion detection it provides 100% efficiency, a spatial resolution of about 3 mm as well as an energy
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Figure 22: (Colour online) The experimental arrangement for the 124Xe(p, γ)125Cs experiment at the
ESR. The primary 124Xe particles circulate in the ring and interact with thin H2 gas-jet target. The
reaction products 125Cs have the charge larger than the primary beam ions and are thus deflected to
the inner orbits by the ESR dipole magnet. These ions are intercepted by the DSSD. The detector, see
Figure 21, is moved from the outside of the ESR across its entire aperture. Therefore, the detector has
an opening to allow for the primary beam to freely circulate in the ESR. The X-ray detectors placed
around the target are used to measure K-REC radiation, which is then used to determine the reaction
luminosity. Adopted from [288].
resolution of better than 1%. In 2016, the detectors were mounted into the ultra-high vacuum of the
ESR. An ultimate vacuum pressure of 2 · 10−10 mbar has been achieved after the bake-out. In order to
increase the flexibility of the operation of the ESR, a new position in the ring with a smaller dispersion
was chosen. The detector was inserted into the vacuum chamber of the C-type dipole magnet. The
complexity was that one needs to intercept orbits in the inner part of the ESR. To reach these orbits,
the detector was mounted on an about 2 m long arm and was moved from outside of the ring across the
whole ring aperture into its most inner part. The detector was designed such that the detector frame
and cables allow the primary beam to pass through. The photograph of the detector is shown in Figure
21.
In the experiment on 124Xe54+ [288], measurements at 5 beam energies starting from 8 MeV/u and
reaching down as low as 5.5 MeV/u were performed. An internal H2 target was operated at an increased
average density of 1014 atoms/cm2. Taking into account the revolution frequency of about 250 kHz,
the peak luminosity of about L = 1026 cm−2·s−1 was obtained. Atomic interactions with the atoms of
the target and the residual gas limit the beam storage time. At 7 MeV/u a beam lifetime of about
2.5 s could be achieved, which indicates the complexity of the conducted experiments at such low beam
energies. Data recording period was about 12 s before the ring had to be refilled. A single fill cycle
of the ESR including deceleration, cooling, and measurement was about 50 s, implying a duty cycle of
about 25%.
The low beam energies do not allow for using gas-filled detectors in pockets and thus disable calibra-
tion of the luminosity through detection of REC daughter 124Xe53+ ions. X-ray detectors were installed
at 35◦, 60◦ and 90◦ laboratory angles viewing the interaction region. The measured K-REC X-rays
were taken for luminosity determination. The K-REC process for fully-ionized projectiles can be well
described by theory within the framework of the relativistic distorted-wave approach [289]. Differential
K-REC cross-sections for the angles of interest can be predicted with an uncertainty of below 2%, where
the main source of the uncertainty is due to the used molecular H2 target instead of atomic H assumed
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Figure 23: (Colour online) The hit distribution of ions across the surface of the DSSD for the primary
beam energy of 7 MeV/u. The narrow cluster of counts at about the center of the detector corresponds
to the (p, γ) reaction products, 125Cs55+ ions. The smooth background is due to elastic scattering of
124Xe on the protons of the target. The shape of this background can be well described in dedicated
simulations. At the largest x values also the contribution due to (p, n) reaction can be seen. Adopted
from [288].
in theory.
The distribution of hits of 125Cs ions on the DSSD detector is shown in Figure 23 for the center of
mass energy ECM = 6.96 MeV. This energy and also ECM = 7.92 MeV are the two points measured
above the (p, n) threshold of ECM = 6.71 MeV. Most of the events in Figure 23 are due to the elastic
scattering of 124Xe54+ on protons. The shape of this background is well understood through Monte-Carlo
simulations including the reaction kinematics and ion-optical properties of the ESR. The simulations
were performed with the MOCADI code [290,291]. At large x positions, an excess of events can be seen.
These events correspond to the 124Xe(p, n)124Cs reaction products. The recoil energy due to neutron
emission is larger than due to γ-emission, which leads to a different distribution on the detector. The
peak from the (p, γ) reaction is clearly seen at about the center of the detector. The reaction cross-
section at lowest ECM = 5.47 MeV is deduced to be σ(p, γ) = 14.0± 2.4stat ± 0.9syst mbarn. For more
details including the impact on the theoretical calculations, the reader is referred to [288].
After the successful experiment on 124Xe, the next step is to perform first studies on secondary
beams. The corresponding proposal has been approved at GSI and the experiment is pre-scheduled
for early 2020 [292]. It is planned to use a dedicated metal scraper installed in front of the analyzing
dipole magnet in the ESR to largely remove the background due to elastic scattering events. The lowest
energy reached in the past experiments lies at the higher edge of the Gamow window of the p-process.
In principle, the ESR is capable to decelerate the beams further down to a minimum energy of about 3
MeV/u. However, the operation of the ESR for in-ring experiments at such low energies has not been
demonstrated yet. Furthermore, in order to achieve longer storage times, the vacuum of the ring needs
to be improved.
Therefore, a dedicated low-energy storage ring, CRYRING@ESR, has been built behind the ESR,
see Figure 7. CRYRING@ESR will receive pre-decelerated, pre-cooled beams of highly-charged ions
from the ESR. It is aimed to achieve a lower rest gas pressure in the CRYRING@ESR as compared to
the one in the ESR, which shall allow for longer storage times for ion beams. Although the main research
program at CRYRING@ESR relates to high-precision atomic physics studies, there is a range of nuclear
physics and astrophysics experiments planned [287]. In addition to lower energies, the experiments at
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Figure 24: (Colour online) Proposed setup for studying neutron-induced reactions through surrogate
reaction method in the CRYRING@ESR. The primary beam interacts with the gas-jet target producing
the compound nucleus of interest, which promptly decays. The target-like ejectiles and fission fragments
are detected with the detectors mounted within the CARME setup [293]. The beam-like nuclei are
detected downstream the target. The CRYRING@ESR dipoles are used as the mass separator. In
addition, γ rays can be detected with conventional detectors placed outside of the vacuum chamber.
Adopted from [294].
CRYRING@ESR will profit from shorter circumference, which is exactly 1/2 of the ESR circumference.
For a beam with a given energy, this immediately transfers in an increase in the reaction luminosity by
a factor of 2. It is foreseen that the beams will be transported to CRYRING@ESR at energies of about
10-15 MeV/u. This energy range is ideal to address nuclear structure through transfer reactions. A
dedicated chamber for reaction studies is being constructed at the University of Edinburgh. Together
with versatile in-vacuum DSSD detectors arranged to cover a large fraction of 4pi around the interaction
zone, this setup is named CARME. The details of the design can be found in the approved Technical
Design Report [293]. In addition to H2 targets, it is planned to employ gases like D2,
3He and 4He, etc.
Many of the envisioned experimental ideas are being prepared for publication. Among the reported
planned experiments there is a straightforward continuation of (p, γ) reaction rate measurements for
nucleosynthesis application, which in the beginning will be possible directly in the Gamow window of
the p-process and later, when the techniques and methods are further developed, possibly at even lower
energies relevant to rp- and other processes.
The electron cooler in the CRYRING@ESR implements the expansion of the electrons into the
decreasing magnetic guiding field and thus extremely cold electron beams can be produced. It has
been proposed to employ this feature to measure resonance strength of specific resonant astrophysical
reactions. This may be important in situations where within the corresponding Gamow window the
energy level density is low and the amount of states to be considered is just a few. Then, the calculations
based on Hauser-Feschbach theory might be inadequate. This holds, for instance, for the case of the
33Cl(p, γ)34Ar and 34Cl(p, γ)35Ar reactions in O-Ne novae, where only several states are relevant. These
reactions are needed to constrain the parameters for the S-Cl burning cycle and set the limits on
the existence of the galactic 34mCl γ-emitter. Furthermore, the knowledge of these reaction rates will
contribute to the understanding of S isotope abundances in pre-solar grains. The details on the proposed
investigations of these reactions can be found in [287].
Another proposal concerns the study of neutron-induced reactions by means of the surrogate method.
In this method the excited compound nucleus of interest with mass number (A−1)+n = A∗ is produced
in a different reaction X + Y = A∗. Though the production process is different, the probabilities for
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various decay channels shall be the same, though, in the correct description of the (A − 1) + n = A∗
reaction, one shall take into account that spin-parities of excited states populated via X + Y = A∗
reaction might be different [295, 296]. In the last years the theoretical description of reaction data
obtained with the surrogate method show very good agreement with available direct measurements [297].
It is envisioned to employ this surrogate reaction method to study neutron-induced reactions on heavy
(long-lived) radioactive ions stored and cooled in the CRYRING@ESR. In particular, the fissioning
nuclei are in the focus. In such cases, the compound nucleus can either de-excite by emitting γ-rays,
can emit a neutron or can fission. The reaction setup is schematically shown in Figure 24. In such an
arrangement, the entire information on the fate of produced compound nuclei will be available. The
target-like ejectiles will be measured with DSSDs available in the CARME setup and will provide the
excitation energy of the compound nucleus. Projectile-like fragments will be measured with particle
detectors by using the ring dipole magnets as a mass separator. In addition, γ rays may be detected with
standard high efficiency detectors placed outside of the ring vacuum system. An interesting development
pursued within this project is to employ conventional solar cells as position sensitive, ultra-high vacuum
compatible, radiation hard particle detectors [298]. If successful, this will be a cost-efficient alternative
to silicon detectors. In this arrangement at CRYRING@ESR, solar cells can be used to detect fission
fragments. More details on the project the reader can find in [294].
The CRYRING@ESR is presently the only dedicated low-energy storage ring. It offers unparalleled
capabilities for nuclear reaction studies. However, the lengthy process until the heavy-ion beam is stored
and cooled in the CRYRING@ESR at the energy of interest, which is mainly due to long deceleration
time in the ESR, restricts the use of CRYRING@ESR for forefront nuclear physics research, where the
main interest lies in the reaction studies on short-lived nuclei.
6.4 Atomic physics experiments with highly-charged ions
The capability of heavy-ion storage rings to provide cooled beams of heavy ions in a defined, high atomic
charge state enables precision studies of atomic properties and tests of fundamental interactions and
symmetries. The TSR, ESR and since recently also CSRm and CSRe contributed to this research. A
huge discovery potential is expected from future experiments at CRYRING and HESR. Many dedicated
spectrometers, targets, detection methods, etc. were developed in the last decades. To our knowledge,
no review exists covering all aspects of atomic physics research at storage rings. The reader is referred
to proceedings of specialized conferences and special journal issues, like, e.g., [299]. In this work a brief
summary is given of actual research activities, which are based on the presently approved experimental
programs. A multitude of other experiments which are not backed by a running experimental proposal
at the ESR or CSRe, like, for instance, the exciting precision tests of general relativity conducted in
the TSR [300] and ESR [301], are left outside of the scope of this paper.
6.4.1 Precision tests of bound-state quantum electrodynamics
The ESR has provided world-wide unique conditions for precision studies of bound-state quantum
electrodynamics (QED) in the regime of strongest electromagnetic fields as present in high-Z one- and
few-electron ions, up to hydrogen-like uranium. The high intensity beams of basically any element
in any desirable charge state can be stored and cooled guaranteeing brilliant quality for precision
experiments. In particular, the cooling is of high importance, since it guarantees long storage times as
well as accurately defined beam properties such as position, size, and velocity. This is indispensable for
reducing the uncertainties associated with relativistic Doppler effect when one deals with measurements
on relativistic ion beams.
Since the early days of its operation, various experiments addressing the bound-state QED effects
in high-Z ions have been carried out at the ESR. The experiments explored different observables in
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different systems, thus providing comprehensive tests of the bound-state QED. These can be sorted
in the following manner; the ground-state Lamb shift in hydrogen-like ions, the two-electron QED in
helium-like ions, intra-shell transitions in lithium-like systems and hyperfine structure in hydrogen- and
lithium-like systems.
Understandably, heavy hydrogen-like ions, being the most fundamental atomic systems, have at-
tracted much of the experimental efforts. The main technique used in these experiments has been
the X-ray spectroscopy of Lyman transitions produced by electron capture in the excited states of
the hydrogen-like ions. The first measurement on hydrogen-like uranium at the gas-jet target of the
ESR [302] could already improve the accuracy of the first measurements at BEVALAC [303,304]. This
has been followed by experiments at the electron cooler of the ESR, where the accuracy has been further
enhanced [305]. The next improvement of accuracy has been made possible by exploiting the decelera-
tion mode of the ESR in experiments at the gas-jet target [306] and at the electron cooler [307]. The most
precise value available currently for the ground-state Lamb shift in hydrogen-like uranium from [307] is
in good agreement with the state-of-the-art QED calculations [308] and provides a test of the first-order
QED contributions at the 2% level. This represents the most stringent test of the bound-state QED
for heavy hydrogen-like ions. However, the experimental accuracy still does not permit sensitivity to
higher-order QED contributions, whose evaluation has been accomplished following decades of exten-
sive theoretical work, see [308, 309] and references therein. One of the limitations on the experimental
side is due to the energy resolution of the semiconductor detectors which have been used in all these
measurements. In order to overcome this barrier, dedicated high-resolution detection systems have been
designed and developed; the FOCAL crystal spectrometer [310, 311] and microcalorimeters [312–314].
These two devices differ by their detection principle, but both provide about one order of magnitude
higher resolution than standard semiconductor detectors. Both devices have been fielded at the gas-jet
target of the ESR to measure the ground state Lamb shift in hydrogen-like gold [314,315] and both have
demonstrated the superb energy resolution. However, the accuracy of these results has been limited by
relatively large systematic uncertainties, mainly due to the position of the gas-jet target. Reduction of
this systematic uncertainty requires more studies including modification of the detection setup for the
case of FOCAL. Here, we would like to mention that in the near future a measurement is planned with
the microcalorimeters at the electron cooler of CRYRING [287].
For high-Z helium-like systems, two experiments have been conducted at the ESR. In [316], the
K-shell radiative recombination (K-RR) transitions in initially bare and hydrogen-like uranium ions
have been measured at the electron cooler providing a direct access to the two-electron contribution
to the ground-state binding energy in helium-like uranium. The obtained experimental result is in
good agreement with the QED predictions [317]. Moreover, the accuracy of this experimental result
has already achieved the sensitivity to the two-electron self-energy contribution, i.e. to a second-order
QED effect. In [318], the 1s2p 3P2 → 1s2s 3S1 transition has been measured at the gas-jet target in
high-resolution using a dedicated Bragg crystal spectrometer. In this experiment, the accuracy was
limited by low counting statistics and the observed peak asymmetry due to imperfections of the used
crystal. With better crystals, which are already available, and longer measurement time this accuracy
can be readily improved by about an order of magnitude. This would be enough to test the two-electron
and two-loop QED contributions. We would like to note, that to the best of our knowledge, these two
measurements are the only ones available up to date for these particular observables in helium-like
uranium providing sensitive tests of electron-electron interaction in the heaviest two-electron system.
To study lithium-like ions, dielectronic recombination (DR) at the electron cooler of the ESR has
been employed. In the DR process, free electrons with matching kinetic energy are captured resonantly
with simultaneous excitation of an already bound electron resulting in a doubly excited autoionizing
atomic configuration [319–323], see Figure 26. The DR can be regarded as Auger spectroscopy in
inverse kinematics since autoionization and the initial dielectronic capture are in statistical equilibrium.
The electron cooler in a storage ring provides a dedicated co-propagating (merged-beams) free-electron
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Figure 25: (Colour online) Scheme of dielectronic recombination. (Left) The initial situation (i) with
bound electrons of an ion in the charge state q+, and a free electron with kinetic energy Ekin above
threshold. (Middle) The free electron is captured into a bound state with binding energy Eb and,
simultaneously, a bound electron will be excited with the resonance condition Eex = Ekin + Eb thus
forming a doubly excited state (d). (Right) The final ionic state (f) is obtained via the stabilisation of
the doubly excited state (d) by the emission of photons or Auger electrons. Taken from [124]. (Courtesy
C. Brandau).
target. Fast changing of the electron velocity in the cooler allows for (short time) tuning of the relative
velocity between ion and electron beams, see Section 3.2. Such tuning can be done in very fine energy
steps. If the resulting relative collision energy matches the resonance condition the recombination
process producing (Q − 1) ions is enhanced. The down-charged ions can be registered by particle
detectors in analogy to reaction experiments described in Section 6.3. For QED studies, DR has
been exploited as a tool to measure 2s1/2 − 2p1/2 excitation energy in Au, Pb, and U [324] as well as
2s1/2 − 2p1/2 and 2s1/2 − 2p3/2 energies in Xe [325]. A good agreement with QED predictions has been
observed for all cases. For the heaviest lithium-like ions, the accuracy of theoretical values is lower than
the experimental one due to the uncertainties of nuclear parameters. Here, we would like to note that
currently the most precise measurement of the 2s1/2 − 2p1/2 excitation energy in lithium-like uranium
has been performed at the SuperEBIT facility in Lawrence Livermore National Laboratory [326].
The hyperfine structure reflects the interaction between the nuclear and electron magnetic moments
and thus it provides an opportunity to test the quantum electrodynamics in the regime of extremely
strong magnetic fields. In contrast to the Lyman and intra-shell transitions, the energy range of the
hyperfine transitions in high-Z one- and few-electron ions is accessible with conventional laser systems
and accordingly the laser spectroscopy has been the tool for corresponding experimental studies at
the ESR. The first observation and measurements of the hyperfine transitions have been performed at
the ESR for hydrogen-like bismuth (209Bi82+) [327] and lead (207Pb81+) [328]. A discrepancy with the
QED predictions has been observed. However the comparison has been hampered by uncertainties of
the nuclear parameters; the nuclear magnetic moment and the magnetization distribution. In order
to circumvent this problem, a measurement of the specific difference between the hyperfine splittings
of hydrogen- and lithium-like ions with the same nucleus has been proposed which would eliminate
the uncertainties due to the nuclear magnetization distribution and provide a direct test of the QED
predictions [329,330]. After quite an extensive experimental effort, the first observation of the hyperfine
transition in lithium-like bismuth (209Bi82+) [331] and the first measurement has been accomplished
[332]. The obtained experimental result for the specific difference deviated from the QED predictions
52
by about 7σ which has been termed as a “hyperfine puzzle” [333]. Although the specific difference mostly
eliminates the dependence on the nuclear magnetization distribution, it is still affected by the value of
the nuclear magnetic moment. Therefore, to explore this aspect, a new measurement of the nuclear
magnetic moment of 209Bi has been performed combined with new chemical shift calculations [334]. The
result of this measurement deviates strongly from the previously used literature value of the nuclear
magnetic moment for 209Bi and, when combined with the QED calculations, it resolves the discrepancy
with the experiment for the specific difference. Nevertheless, the uncertainty of this new measurement
of the 209Bi nuclear magnetic moment is still relatively high and does not yet permit a stringent test of
the QED in the regime of very strong magnetic fields. Therefore, further investigations are needed to
fully clarify the issue. These include more precise measurements of the 209Bi nuclear magnetic moment
as well as measurements of the hyperfine structure for different isotopes of bismuth (207Bi and 208Bi)
as well as measurements in Penning traps, i.e. ions at rest. Since 207Bi and 208Bi are radioactive, their
intensities in the ESR will inevitably be much lower than that of stable 209Bi. Whereas the excitation
of the upper hyperfine level through a suitable laser will be done in a conventional way as all other
laser-spectroscopic studies at the ESR [40], the optical detection of the de-excitation will not be feasible.
It is therefore proposed to investigate whether the state-selective application of the resonant DR process
can be employed for this purpose.
6.4.2 Electron spectroscopic methods to study few-body quantum dynamics at heavy-ion
storage rings
Storage rings offer excellent conditions to perform precision studies of quantum dynamics in ion-atom
collisions. Again, these conditions are due to the brilliant quality of cooled stored beams and clean
experimental conditions. Such studies were extensively pursued in the past in the TSR, where ground-
breaking experiments were conducted, like, for example, implementation of a reaction microscope to
investigate break-up processes of laser-cooled atoms in a magneto-optical trap used as a target in the
TSR [335]. Today the relevant experiments play a central role in the ESR program as well as there is
a bright research program envisioned at CRYRING, CSRe and future HESR and the rings of HIAF.
Electrons are arguably the most immediate messengers from ion-atom collisions and thus serve as
supremely efficient tools to study few-body quantum dynamical processes for atomic collision systems.
This is particularly valid in the high (Z1 +Z2) region, i.e. in the relativistic regime, where additionally
considerable contributions from QED add to expose otherwise invisible details of quantum dynamics.
The central device of the present experimental campaign at the ESR is the forward electron spec-
trometer located at the internal target. The imaging forward electron spectrometer has the aim to
reconstruct the vector momenta of electrons emitted in collisions of the stored ion beam with atoms of
the gas target [336]. The spectrometer consists of a dipole magnet with 60◦ bending angle followed by
a quadrupole triplet, another 60◦ dipole and a set of slits. Its design allows for accurate momentum
analysis of electrons represented by the images on dedicated 2D position sensitive detector [337, 338].
The detector conventionally used for this purpose is a micro-channel plate detector implemented into
the ultra-high vacuum of the ESR.
The main quantity to be measured in collisions are the electrons emitted into the continuum. The
X-rays and up or down-charged projectile-like recoils are detected in coincidence. The setup enables
investigations of several fundamental processes ranging from kinematically complete studies of multiple
ionization and electron-impact ionization, (e, 2e), on ions to radiative and non-radiative electron transfer
processes to the projectile continuum and kinematically complete measurements of the high-energy limit
of the electron-nucleus Bremsstrahlung [336,339].
In very slow collisions, when the ion velocities vion are much smaller than the velocity of the K-shell
electron of the target vK , vion << vK , the ion and the target atoms can form a superheavy quasi-
molecule. In transient superheavy (Z1 + Z2 > 173) quasimolecules formed in adiabatic collisions the
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innermost quasimolecular orbital 1sσ has been predicted by theory to dive into the negative Dirac
continuum for suitable internuclear distances of the collision partners [340–342]. When a vacancy in
one of the collision partners, e.g. a hydrogen-like or bare ion, is brought into the 1sσ orbital during
the collision, this vacancy can be filled by an electron from the negative continuum, appearing as a
spontaneously emitted positron. The spectroscopy of spontaneous positron emission in superheavy
quasimolecules is one of the great challenges and promises for storage rings. It is important to stress
that the duration of the collision and thus the lifetime of the 1sσ molecular orbital (MO) decreases
rapidly with the ion velocity. Here, the recent capability of the ESR to store cooled beams at very low
energies, see Section 6.3, is a crucial achievement for performing spectroscopy of inner orbitals in tran-
sient superheavy quasi-atoms Z > 100. Furthermore, even more research opportunities open up with
the commissioning of the CRYRING@ESR. An extended study has been performed of the dynamical
behavior of the innermost quasimolecular orbitals via electron-, photon- and positron spectroscopy in
CRYRING/ESR. This entails investigation of predicted strong oscillations of the KK vacancy transfer
in symmetric collisions of bare and hydrogen-like projectiles with atoms, e.g. Xe54+ + Xe0+, with
oscillation patterns as function of impact parameter giving directly access to the instantaneous energy
of the 1sσ MO [341,342]. High-resolution measurement on electron-, positron- and the X-ray emission
from the 1sσ MO during the collision will pave the way to understanding of whether the empty or singly
occupied 1sσ orbital might be diving into the Dirac sea [343].
Another fundamental process of coupling radiation to the matter field is electron nucleus Bremsstrahlung
(eNBS), which is a fundamental process whose experimental [344] and theoretical [345] studies have
been for decades landmarks in atomic physics. The need for stringent tests of its claimed relation-
ship at the high energy end of the bremsstrahlung (BS) spectrum with other fundamental processes
like photoionization, radiative recombination and pair production has been emphasized for decades by
theory. Only now first experiments directed at this claim have been possible with the appearance of
heavy-ion storage rings and coincidence experiments in inverse kinematics of the high energy BS photon
with the associated electron from the BS elementary process [338,346,347]. More extensive studies are
anticipated for the near future.
The supreme quality of ion beams in heavy-ion storage rings has enabled in inverse kinematic the
investigation of the fundamental process of electron impact ionization of ions in complete kinematics,
(e, 2e) [339,348]. Such theoretically very important studies of the full differential ionization cross section
of the ion is hindered in standard kinematics by luminosity problems of several orders of magnitude.
The same technique in the storage ring can be investigated to study fully differential cross sections for 1s
photoionization of H-like very heavy ions like U91+ via electron impact ionization in the limit of vanishing
momentum transfer. This is a significant test of relativistic theories predicting a fundamentally different
emission pattern in the relativistic cases compared to the non-relativistic ions.
In the future, new experimental capabilities will be enabled at the HESR [349, 350], where highly
relativistic cooled beams will be available. In near relativistic collisions free-free electron-positron pair
production for very heavy collision systems faces great challenges as it cannot be treated as a first order
process and does not possess restrictions on the available volume in the phase space of the coincident
electron-positron pair. This resulting challenge on coincidence efficiencies has so far inhibited any
benchmark test of the predictions of theory. A new toroidal lepton spectrometer for simultaneous cover
of the entire electron and positron phase space suitable for implementation into the future HESR storage
ring has been recently proposed [351]. This should open a new window on stringent tests for the most
advanced pair production theories.
The advance of strong femtosecond lasers has brought the study of field-assisted electron-ion fun-
damental processes into the reach of experiments [352–354]. A very promising case is the fundamental
0◦ binary encounter collision in ion-atom collisions. This, in the emitter frame a 180◦ elastic collision,
generates a prominent electron peak which is spectacularly split into a doublet with the energy spilt
given by ∆E = Elaser(pe/ωl) resulting in very sensitive features for relativistic beams.
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Zero-degree lepton spectroscopy has also application in accelerator design. For the FAIR project,
it is essential to achieve the highest intensities of uranium primary beams. For this purpose, in order
to minimize space charge effects, acceleration of the uranium beam in charge state 28+ is crucial.
However, it has been calculated that due to a large number of weakly bound electrons (the ionization
potential of U28+ is EB = 930 eV) the losses of the beam through the projectile ionization process
U28+ + A →U(28+n)+ + A+? + xe will be large [270, 355, 356]. The complication of the theoretical
description of the ionization of U28+ arises from dense unoccupied states above the least bound electron
([Kr]4f 145s25p2) [357]. Differential cross sections for the electron projectile ionization cusp in U28+
were measured in coincidence with the outgoing charge state of the projectile [358]. Such measurements
are essential to unambiguously distinguish between direct single and multiple ionization contributions
which help to critically benchmark the theory [358].
6.4.3 Dielectronic recombination as a tool to study nuclear properties
Apart from its importance in atomic physics and plasma physics [60, 359], the DR mechanism can
successfully be used to address nuclear properties such as nuclear charge radii, nuclear spins and nuclear
magnetic moments. For a current review about the application of DR as a spectroscopic tool see [323].
The sensitivity of DR to atomic structure, which in turn depends on the spin-parity of the nucleus,
gives access to measurements of isotope shift (IS) of stable and radioactive ions [360–362]. On the one
hand, the precision of IS measurements is worse than in dedicated optical and/or laser experiments.
On the other hand, the DR measurements are performed on few-electron, typically lithium-like, sys-
tems, which allow for accurate theoretical description of electron configurations. Therefore, a clear
interpretation of the obtained spectroscopic information, unbiased from atomic many-body effects, is
possible [363]. First DR-IS experiments were performed in low-energy storage rings like CRYRING and
TSR on stable ions of rather complex electronic structure (207Pb53+ / 208Pb53+) [360] and later on stable
three-electron isotopes by determining the hyperfine splitting of stable 45Sc21+ [321]. With the avail-
ability of the ESR, the experiments are routinely performed with lithium-like ions. For instance, the
measurements of the nuclear volume shift studies in stable Nd-isotope pair 142Nd57+ / 150Nd57+ [361].
In the last years, the sensitivity of DR measurements in the ESR was improved such that measure-
ments on low-intensity beams of merely 102 to 103 stored particles became possible. Such intensities are
now suitable for the experiments on radioactive secondary ions. To date, DR studies of radioactive ions
were conducted only in the ESR. A major breakthrough was achieved with the first studies on 237U89+
and 234Pa88+ [320,323,362,364]. The latter nuclide has a low-energy isomeric level at 73.92+x keV with
a half-life of T1/2 = 1.17 min [129], which decays predominantly by beta-decay [154]. This condition
renders 234Pa88+ an ideal candidate for pilot experiments on DR-IS experiments with nuclear isomers
since the presence of the isomer can be independently monitored via counting of its decay daughters
with a particle detector blocking the inner orbits of the storage ring [323, 362]. The production of
234Pa88+, the verification of its isomeric state in the stored samples and the measurement of the DR
spectra were successfully performed in the ESR. DR spectra for different isomeric population have been
acquired. Thanks to the short half-life of the isomer, this is possible by simply taking the spectra at
different times after the production of radioactive ions. In this case, the corresponding spectrum was
taken 5 min after the injection of the ions into the ESR when the isomeric population should be zero.
The corresponding DR spectrum is illustrated in Figure 26.
The potential of this measurement is manyfold. For instance, through measurement of the DR
resonances, the beam composition can be determined or monitored, if performed (semi)continuously
[323]. Following the application of the DR to study atomic metastable states and hyperfine induced
decays [365, 366], it is proposed to use DR for detecting the population of the hyperfine states in laser
spectroscopy on radioactive 207Bi and 208Bi, see Section 6.4.1.
Of particular interest are the DR-assisted studies of long-lived nuclear isomers with nuclear excita-
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Figure 26: (Colour online) Dielectronic recombination spectrum of the radioactive 234Pa88+ taken 5
min after injection of the ions into the ESR. The isomeric state of 234Pa has a half-life of T1/2 = 1.17
min [129]. At this time the isomers should be completely β-decayed. The remaining 234Pa ions are
in their nuclear and hyperfine ground states. The spectrum was obtained with a few 104 stored ions.
Taken from [362].
tion energies which are too low to be investigated with the majority of other approaches. The most
interesting case is the so-called ’nuclear clock’ isomer in 229Th with 8.28(17) eV [367] nuclear excitation
energy connected by an M1 transition to the nuclear ground-state. The wealth of 229Th physics cases
and applications is enormous: amongst others it can be employed as a clock with 19 decimal places
precision [368], as an ideal test-bed of fundamental symmetries [369], or as a primary candidate for
a nuclear laser [370]. Although the excitation energy of the isomer has been measured and the laser
spectroscopy experiments are being prepared [371, 372], storage ring based investigations on highly
charged ions allow for addressing effects which are inaccessible otherwise. Extensive studies of 229Th
are envisaged at the present ESR and CRYRING as well as at the upcoming new facilities of the FAIR
project [362].
7 Conclusion
Storage rings are facilities for precision experiments in atomic and nuclear physics. Various manipu-
lation methods employing beam cooling were developed in order to support the specific needs of the
experiments. It is still an active research field which aims at experiments with specific beam require-
ments, particularly more exotic secondary beams but also the extension of beam parameters to very
low energy and ultimate beam quality.
On the one hand, the developments on the machine side are complemented by the implementation of
novel instrumentation, like high resolution lepton spectrometers, X-ray and γ-ray detector setups with
a large solid-angle coverage, high sensitivity non-destructive diagnostics, etc. On the other hand, the
development of experimental instruments goes hand in hand with the developments of new operation
modes of storage rings, like the efficient deceleration of exotic beams resulted in the need of placing
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position sensitive detectors directly into the ultra-high vacuum of the ring. New technological solutions,
like cryogenic micro-calorimeters or current comparators, find their place in state-of-the-art experiments
and enable new experimental capabilities.
In this review we made an attempt to illustrate the deep connection of the machine, the heavy-ion
storage ring, and the precision experiment. Indeed, it is hard to separate between the accelerator and
the physics experiment and we are therefore used to say that the storage ring itself is an essential
indispensable part of a successful experiment. In this work we could focus only on selected highlight
research programs in atomic and nuclear physics leaving aside many interesting experimental studies.
The success of storage ring based experiments in the last decades attracted an increased attention
from the cross-discipline community. This resulted in a multitude of new heavy-ion storage ring projects
for addressing questions in modern atomic physics, nuclear structure and astrophysics, aiming at specific
solutions for various energies, different driver accelerators and challenging physics cases. Some of these
projects are approved and are being constructed like FAIR and HIAF. Other projects, especially on the
low-energy frontier, are in the planning stage.
To conclude this review, the research with stored and cooled secondary beams has a history full of
successes as well as the new developments in the field point to an exciting future.
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